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1 Objective 

Electricity from offshore wind turbines 

(OWTs) will have a large impact on 

tomorrow's energy policy. In 2010 the first 

German offshore wind farm Alpha Ventus 

was built in the North Sea. 

The design, construction, and deployment 

as well as the operation of offshore wind 

farms raise new questions and challenges 

for both government and industry.  

What are the reasons for questioning 

existing design concepts for these 

structures? There are different commonly 

used design concepts in engineering 

standards. However, these design 

concepts are based on insufficiently 

research data. Nowadays, more infor-

mation about loads and the structural 

behavior of OWTs is available. 

This interdisciplinary project is expected 

to answer the central question of the 

design process: What is the probability of 

failure in the current design of offshore 

wind turbines? By using probabilistic 

methods, the probabilities of failure can 

be calculated and possibilities for 

optimizing the structural design may be 

detected. Besides determining safety 

factors for civil engineering, safety and 

reliability assessments of the mechanical 

and electronic components of OWTs will 

also be carried out. 

 

Figure 0.1: Research Platforms [1.60] 

The previously mentioned first German 

offshore wind park Alpha Ventus was built 

in the test field near the location of the 

research platform FINO 1. Environmental 

parameters for offshore structures such 

as the design wave and wind velocities 

were measured using existing research 

platforms as shown in Figure 0.1. Based 

on these data, loads for the structures 

can be calculated. They can also be 

measured at some measurement 

platforms. 

The institutes of the Leibniz Universität 

Hannover (LUH) involved in this research 

project belong to three different faculties; 

cf. Figure 0.2. All project partners are 

members of ForWind, the Center for Wind 

Energy Research jointly run by the 

universities in Oldenburg, Hanover, and 

Bremen.  

 

Figure 0.2: Project Partners 

The general aim of this research project 

is to analyze the entire structure of OWTs 

with respect to their levels of safety. Many 

of the presented results are based on 

previously gained knowledge from other 

research projects such as GIGAWIND 

(www.gigawind.de).  

The involved institutes work on different 

work packages (WP) and use the same 

methodology and tools as set out in WP 1. 

 

Figure 0.3: Work Packages  
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2 Executive summary 

2.1 Safety of Offshore Wind 

Turbines (WP 1) 

2.1.1 Abstract 

For onshore constructions, historically 

established target reliability levels exist. 

An ongoing discussion deals with the 

target reliability of components of offshore 

wind turbines and the OWTs themselves. 

There is still no agreement on the accept-

able possibility of failure or the so-called 

reliability index.  

In the WPs different methods for reliability 

analysis are used to reach their 

respective objectives. Some objectives 

and assumptions are quite similar for 

each WP. Therefore, it was decided to 

translate these assumptions into 

principles. Thus, a database with justified 

parameters was created.  

2.1.2 Objective 

The objective of this research project is to 

obtain a design approach for offshore 

wind turbines by using a holistic 

probability analysis to obtain the prob-

ability of failure. About 30 researchers in 

three faculties are involved in the project. 

These researchers worked on individual 

and team objectives. They used similar 

methods and a joint database as set out 

in WP 1. 

In the field of wind energy and particularly 

for OWTs, there is no international 

consensus regarding the target reliability 

index. A reliability index is commonly 

used for the design of structural compo-

nents and also entire structures. 

Expressions for the reliability of structures 

are included in different standards which 

will be revised soon. The reliability of 

offshore structures, in particular, is 

critically dependent on their availability 

and accessibility. These topics are part of 

the work done in this project.  

2.2 Action Effects of Wind 

and Waves (WP 2) 

2.2.1 Abstract 

Aerodynamic wind loads and hydro-

dynamic wave loads are essential input 

parameters for probabilistic investigations 

of offshore wind turbines. Therefore, in this 

work package, characteristic parameters 

of the loads and the resistance of OWTs 

are determined. The common database of 

wind and wave measurements FINO 1 is 

used. The work at the Institute of 

Turbomachinery and Fluid Dynamics 

(TFD) is focused on uncertain parameters 

caused by the complex flow environments 

as well as geometric deviations and 

material imperfections of the rotor blades. 

The work at the Franzius Institute for 

Hydraulic, Estuarine and Coastal 

Engineering (FI) is focused on the 

sensitivity of wave-breaking probability 

and significant sea state parameters, and 

their uncertainties dependent on in-

fluencing parameters and determination 

methods.  

2.2.2 Objective 

Offshore wind turbines operate in a 

complex, unsteady flow environment 

which causes fluctuating aerodynamic 

loads. Unsteady flow environments are by 

definition characterized by a high degree 

of uncertainty. In addition, manufacturing 

tolerances and material imperfections also 

cause uncertainties in the design process.  

The rotor blades of wind turbines are long, 

slender, and flexible structures, and future 

rotor blades will tend to become even 

longer and more slender. The consid-

eration of uncertainties and aeroelastic 

phenomena becomes increaseingly impor-

tant for the fatigue strength of these struc-

tures and overall performance of OWTs. 

In order to consider uncertainties in the 

design phase of OWTs, probabilistic 

design methods can be used. The 

objective is to determine the effect of wind 

field parameters on extreme and fatigue 
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loads of offshore wind turbines. The 

probabilities of failure due to fatigue loads 

in the blade root are estimated and a 

modeling approach for geometric and 

structural uncertainties of rotor blades is 

developed. 

Extreme hydrodynamic loads on OWTs 

result principally from breaking waves, 

which cause severe impact on offshore 

structures and induce singular stresses as 

well as vibration and therefore discrete 

degradation of the support structure. For 

an efficient design of OWTs, dominant and 

significant sea state parameters as well as 

wave-breaking probabilities must be 

considered, whose influencing factors vary 

strongly in the natural sea state environ-

ment. In a first step, design wave heights 

and occurrence of wave trains in the North 

Sea were analyzed with a statistical 

analysis of extreme events. They served 

as input parameters for the subsequent 

two-dimensional laboratory and numerical 

experiments, in which the wave-breaking 

probability was analyzed to quantify its 

scatter. Factors considered were the 

significant wave height, peak period, water 

depth, record length, and the random 

phase angle distribution. 

2.3 Soil (WP 3) 

2.3.1 Abstract 

Within a geotechnical design procedure, 

uncertainties due to environmental im-

pacts and variable soil properties have to 

be taken into account. This is generally 

done by applying partial safety factors to 

the actions and the resistances. By 

performing reliability-based design, it is 

possible to relate the deterministic design 

in terms of applied partial safety factors to 

a failure probability or safety. 

In this work package, in a first step 

uncertainty sources within a reliability-

based design were quantified, and differ-

ent approaches to establish a subsoil 

model were shown. In addition, results 

from reliability-based design studies 

regarding axially and laterally loaded OWT 

foundation piles were presented. 

2.3.2 Objective 

Several offshore wind farms are planned to 

be installed in the German North Sea in the 

near future. 

For moderate water depths (up to 30m) 

monopile foundations were found to be 

suitable to transfer the environmental loads 

into the subsoil. For greater water depths 

tripod, tripile, or jacket support structures 

were used. The acting load is resisted 

mainly by skin friction of the quasi-axially 

loaded foundation piles. 

Uncertainties within the design of these 

foundation piles are usually taken into 

account by applying partial safety factors to 

the loads and the resistances. This pro-

cedure is known in the literature as the 

Load Resistance Factor Design (LRFD). 

According to Eurocode 0, the LRFD be-

longs to the Level 1 reliability-based design 

method and should establish a certain 

safety level in a system as a function of 

prescribed damage fault classes. 

However, the safety in terms of a failure 

probability cannot be proven within the 

LRFD. Further, the magnitude of 

uncertainty sources is not captured by the 

LRFD, and this is an issue that strongly 

affects the safety of a system. 

By using a complete reliability design 

method, the impact of uncertainties on the 

safety and design can be evaluated in a 

more accurate way. 

The aim of this work package is to quantify 

uncertainties and model procedures 

regarding geotechnical reliability-based 

design as well as to determine their impact 

on the LRFD for axially and laterally loaded 

offshore foundation piles. 

2.4 Foundation and Support 

Structure (WP 4) 

2.4.1 Abstract 

Within this work package, advanced 

design and optimization of support 



Final Report PSA 

 

P a g e |  4  

structures for offshore wind turbines are 

evaluated with respect to the probabilistic 

safety concept. Therefore, critical limits for 

the design are identified. Uncertainties as 

well as the scatter of action effects and 

resistances are considered by applying 

probabilistic methods. 

Measurement-based offshore data are 

analyzed in order to estimate relevant 

design parameters for offshore wind 

turbines. For the probabilistic design, finite 

element models of offshore wind turbines 

are created. A probabilistic determination 

of the ultimate axial capacity for foundation 

piles is carried out in cooperation with 

work package 3. The dynamic behavior of 

an offshore wind turbine with a monopile 

substructure is examined, taking prob-

abilistic influences of various model input 

parameters into account. The joints of a 

jacket substructure are also designed 

according to probabilistic design 

procedures. 

2.4.2 Objectives 

Relevant failure types are identified and 

analyzed for different support structures of 

OWTs. These investigations are carried 

out on OWTs with monopile and jacket 

substructures, because these types of 

substructures are the most commonly 

used and the most relevant substructures 

installed in the German Exclusive 

Economic Zone. 

The limit states for both the semi-

probabilistic as well as the probabilistic 

safety concept were considered. Limit 

states of the semi-probabilistic safety 

concept stipulated in standards for OWTs 

are adapted for the probabilistic design. 

For the probabilistic design, stochastic 

descriptions of both action effects and 

resistances are required. Based on 

offshore data obtained from the 

measurement platform FINO 1, design 

parameters were identified. Finite element 

models of support structures were 

developed to calculate and evaluate the 

dynamic response of OWTs. Probabilistic 

modeling of soil properties was carried out 

in accordance with WP 3. Fatigue loads 

were determined and the scatter of fatigue 

resistances was evaluated. 

Probabilities of failure were determined 

within the probabilistic reliability assess-

ment of OWTs. For this purpose, suitable 

methods such as the Monte Carlo 

simulation were used. 

Applying the methods described in this 

report for the probabilistic safety concept, 

economic optimization of the structural 

design of OWTs was performed. 

2.5 In Situ Assembly (WP 5) 

2.5.1 Abstract 

Grouted joints are tube-in-tube connec-

tions, with the gap between pile and 

sleeve filled with grout. The grout material 

could be concrete, mortar or cement 

paste. High-performance mortars are 

generally used for the grouted joints of 

offshore wind turbines in Germany. 

Grouted joints connect the piles, which 

are driven into the seabed, with the upper 

part of the supporting structure. 

Accordingly, this kind of connection plays 

a crucial role in ensuring the stability and 

durability of the supporting structure. 

Experiences from previously erected wind 

farms have shown that the design and 

completion of grouted joints are 

challenging as well as cost intensive if 

failures do occur. 

As opposed to the precast and quality-

monitored parts of the support structure, 

grouted joints have to be constructed 

under harsh offshore conditions. 

Therefore, quality control of the in-situ 

work is greatly complicated by the design 

and the environmental exposure of the 

connection. The connection represents a 

black box, and only assumptions can be 

made for the in-situ material properties of 

the grout. Therefore, it is necessary to 

apply high safety factors. 

A deeper knowledge of the risk factors of 

the in-situ construction and the in-situ 

material properties are required for the 

optimization of grouted joints. 
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2.5.2 Objective 

The objective of this work package named 

“Supporting Structure Production In Situ” 

is the determination of risk factors for the 

construction of grouted joints and the in-

situ material behavior of grout materials. 

Furthermore, concepts used to minimize 

possible defects before and during the 

execution are to be developed. 

2.6 Monitoring of mechanical 

Components (WP 6) 

2.6.1 Abstract 

Technical systems are subjected to 

damage mechanisms with stochastic 

distributions of the failure probability. 

Therefore, the exact time of failure of 

mechanical components in the drivetrain 

of offshore wind turbines, for example due 

to rolling fatigue of the bearings in the 

gearbox, cannot be predicted. The use of 

condition and load monitoring systems 

combined with the basic understanding of 

damage mechanisms allows for the early 

detection of damage in mechanical 

components and consequently their timely 

repair to prevent expensive secondary 

damage and downtimes. 

Work package 6 deals with the develop-

ment and evaluation of analysis methods 

for vibration-based condition monitoring 

systems, the evaluation of experimental 

vibration pickups as well as the exami-

nation of force sensors for screw 

connections suitable for monitoring the 

forces on bearings and other structural 

components. 

2.6.2 Objective 

The number of installed wind turbines as 

well as the power of new turbines is 

increasing dramatically in light of the 

renewed focus in energy policy on 

renewable energies. In addition, an 

increasing number of wind turbines are 

being installed or will be installed in near 

and far offshore locations. Offshore wind 

turbines are more difficult to access, which 

results in longer downtimes in cases of 

component failures which require repairs.  

Damage in the mechanical drivetrain of 

wind turbines, for example on rolling 

element bearings, cannot be prevented or 

even predicted with sufficient warning. 

Therefore, the aim of work package 6 is 

the development and optimization of 

monitoring and diagnostic systems for 

OWTs capable of ensuring reliable 

operation and efficient maintenance of the 

system by force monitoring and early 

detection of damage. Such systems 

should also provide data during 

experimental studies on single 

components of the OWT drivetrain. 

2.7 Diagnostic Systems for 

Electronic Systems (WP 7) 

2.7.1 Abstract 

This work package deals with early fault 

detection in wind turbine generators. The 

main types of faults and damage in 

electrical machines cause characteristic 

changes in the electromagnetic air-gap 

field, whose dependency on position and 

time was investigated in previous works at 

Institute for Drive Systems and Power 

Electronics, Electrical Machines and Drive 

Systems (IAL-AS). Using sensors such as 

search coil systems, the spatial 

dependence acts as a filter supporting the 

detection of a fault or defect, because of 

the large distance between the signal in 

normal operation and in the case of a fault, 

as well as the identification of the type of 

fault by signal frequency.  

2.7.2 Objective 

In theory, the sensor signals are assumed 

to be zero in faultless wind turbines. In real 

applications, the signal fluctuation and the 

reachable ratio of the signal at fault as well 

as the signal of faultless generators have 

to be evaluated. Further, the influence of 

the generator type (doubly fed induction 

generator, permanent magnet synchro-
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nous generator, etc.) as well as the 

influence of power electronic components 

on the reliability of the failure diagnosis 

has to be examined. For this reason, two 

diagnostic systems are being designed 

and the recorded data are evaluated. 

Based on the results, appropriate design 

criteria are developed for this kind of 

diagnostic system. 

2.8 Reliability of the Grid 

Connection (WP 8) 

2.8.1 Abstract 

Regarding the reliability of offshore wind 

turbines, both the electrical system and 

the grid connection constitute important 

parts for analysis. In this work package the 

Institute for Drive Systems and Power 

Electronics and the Institute of Electric 

Power Systems were collaborating. The 

overall aim was to evaluate different grid 

connection topologies with respect to their 

reliability from a probabilistic point of view. 

The two institutes focused on the genera-

tor and its frequency converter, and on the 

grid connection, respectively.  

In the first part of this WP the probabilistic 

reliability model of the entire electrical 

system was implemented by the Institute 

of Power Systems. In the second part, the 

Institute for Drive Systems and Power 

Electronics analyzed reliability models for 

power electronics within the grid 

connection. 

The operation and grid connection of large 

offshore wind farms (OWFs) in Germany 

are particularly challenging, because of 

the long distances of the OWF to the 

nearest point of common coupling due to 

the protection of coastal areas and of the 

Wadden Sea. Long distances from the 

offshore substations to the substations on 

land have to be bridged with submarine 

cables. In the German North Sea, this is 

usually done by high-voltage direct current 

transmission (HVDC). 

Due to specific concepts, a fault-free 

condition of OWF grids is an N-0 operation 

and thus counts as an endangered 

operation, considering grid security 

standards of supply grids. Due to the very 

poor accessibility of the equipment, which 

is also strongly affected by the weather, 

any possible damage, failure and its 

consequences must be considered in the 

project planning process. 

2.8.2 Objective 

In the field of electrical power supply the 

reliability of the system plays an important 

role. For the investor, the breakdown of a 

wind turbine always means financial 

losses because of the costs of repairs 

and the loss of (financial) compensation 

for energy fed into the grid. In the field of 

OWTs in particular, a breakdown 

inevitably leads to long downtimes as 

repair times are longer due to limited 

accessibility. It is well known that for 

higher-power wind turbines, the number 

of system failures of the electrical parts 

increase. Thus, it is very important to 

investigate the reliability of the electrical 

systems of large (offshore) wind turbines 

and their grid connections. Wind is an 

important stochastic input factor that 

determines load cycles and stress of the 

wind turbine. The issues mentioned in this 

section constitute the motivation to 

examine the system from a probabilistic 

point of view. 

In order to consider the effects of 

stochastically arising or time-variant 

environment effects such as wind, 

weather, and aging of the equipment, 

reliability investigations with stochastic 

models had to be developed. The models 

had to consider the influences of these 

parameters sufficiently accurately in order 

to estimate the probable failure behavior 

with the desired reliability. To solve this 

problem, various suitable reliability 

analysis and condition assessment 

methods exist. Depending on the type of 

question to be answered, both analytical 

and simulation methods can be used. 
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3 Summary 

3.1 Safety of Offshore Wind 

Turbines (WP 1) 

There is still no predefined target reliability 

in the standards for onshore and offshore 

wind turbines. In a discussion within a 

panel of experts for the BSH (Bundesamt 

für Seeschifffahrt und Hydrographie) 

standard "Design", work group "Safety 

level", it was concluded that only a risk 

analysis for optimal safety and reliability of 

offshore wind turbines is of real 

importance. Within such a risk analysis, 

existing failure probabilities have to be 

considered with their (economic) 

consequences of failure. A target reliability 

index  = 3.3 (Pf,annual = 510–4) was 

proposed. However, the standardized and 

predefined sensitivity factors E = –0.7 and 

R = 0.8 are no longer valid because of the 

dominant wind load. It became apparent 

that there exists no reasonable basis for 

reducing the present safety level and 

associated safety elements of OWTs. 

Thus, holistic investigations for OWTs 

such as that carried out in this project are 

necessary for developing further 

approaches. 

The aim of two supplementary workshops 

was to discuss the approaches and 

assumptions with representatives from 

industry and to get to know their interests 

in this matter. Thus, the main focus was on 

finding realistic approaches to determine 

the input variables for WPs. Critical limit 

states for the design and possible load 

and damage scenarios were discussed. 

The financial losses due to damage or 

break down and the inclusion of public 

interest were mentioned. It became clear 

that the failure of a single OWT appears to 

be of rather minor concern. The failure of a 

whole wind park, however, would be 

considered a major event. A failure of this 

kind could be related to structural design, 

for example if the towers or the 

foundations of all OWTs were damaged by 

a catastrophic event or an inherent 

systematic failure in the design. On the 

other hand, failure of the electrical 

components and the grid connection could 

lead to big financial losses. Generally, 

electrical systems are planned with a 

known (N–1) reliability, meaning that each 

part is designed redundantly. In OWTs, 

however, there is no (N–1) reliability. For 

these electrical systems, it is not common 

to keep reserve components for all parts, 

such as cables and transformers. This is 

very risky, because for offshore structures 

the failure of low-cost modules can lead to 

very high costs for maintenance and 

repair. 

In conclusion, the workshops clarified the 

interests of the industry and allowed for 

the validation of assumptions and input 

values for the present investigations. 

Within this project it was not feasible to 

use one software package only, because 

the objectives of the WPs differ too much. 

In some cases, tools programmed in-

house are necessary and useful. In other 

cases, the different software products 

could not be linked. Thus, in WP 4 for 

example, the loads of wave and wind were 

examined separately. Additionally, soil 

specifications and probabilistic methods 

were also considered. Nonlinear exami-

nations such as these are very 

computationally expensive, and it is 

necessary to make smart assumptions.  

At the end of this project we had learned 

much about how sensitive the results are 

to the chosen input parameters. For 

predefined approaches some results for 

the structural components but no general 

statements are available.  

The individual results of all the WPs are 

presented in the following chapters. 

3.2 Action Effects of Wind 

and Waves (WP 2) 

In this work package, the wind speed 

measurements of the FINO 1 offshore 

research platform were analyzed based on 

the 10-min-mean wind data of the cup 

anemometers. Aside from low wind 
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speeds, the measured turbulence inten-

sities are lower compared to the values in 

the standards of the International 

Electrotechnical Commission (IEC). In 

order to obtain robust results, the wind 

shear exponent was determined with a 

nonlinear regression analysis over all cup 

anemometers at different heights. The 

measured mean wind shear exponent is 

very similar to the recommended value in 

the IEC standards. However, a strong 

dependency on wind speed was observed 

in the measured data.  

Aeroelastic simulations were performed for 

standard and site-specific wind field 

parameters. The simulations, which were 

based on the design requirements of the 

support structure and on the site-specific 

wind field parameters, yield both 

significantly lower fatigue and less 

extreme loads than the IEC recommen-

dations for the rotor design during normal 

power production. The lifetime probability 

of failure due to blade root fatigue loads 

were estimated by means of FORM (First 

Order Reliability Method) and MCS (Monte 

Carlo Simulation). It was shown that the 

site-specific failure probabilities are 

significantly lower than those obtained 

from calculations based on the IEC 

standard. Clearly, the requirements in the 

IEC standard 61400-3 are very 

conservative for rotor blade design. 

The investigations into geometric uncer-

tainties show that variations of the airfoil 

geometry lead to significant scatter of the 

lift and drag coefficients, therefore 

affecting the rotor blade loads. In contrast, 

the effects on the power and annual 

energy production are almost negligible, 

irrespective of the assumptions made. 

The effect of structural uncertainties in the 

rotor blades (modeled by a spatial random 

field approach) on the full-system mode 

shapes and natural frequencies was 

investigated. The results show significant 

scatter of the natural frequencies of the 

rotor modes and the torsional drivetrain 

mode, which can lead to increased risk of 

resonance with the 3P harmonics of the 

rotational speed. 

For the hydrodynamic analysis, the 

following conclusions can be drawn from 

the set of test runs in the experimental and 

numerical wave tank.  

Firstly, the initial steepness of the sea 

spectrum has a great influence on the 

number of breaking waves in the time 

series. Here, a change in the peak period 

TP has a greater influence than a change 

in the significant wave height HS. 

Secondly, the randomness of the phase 

angle distribution, and hence the 

randomness of the wave sequence in the 

time series, has a significant influence on 

the number of breaking waves; different 

realizations of the same energy density 

spectra in the time domain did not produce 

the same numbers of breaking waves in 

the experiments. There are two possible 

reasons for that: Either the record length 

was too short (50–100 waves) or a model 

time series cannot represent all possible 

time series from one sea spectrum. 

Therefore, a first series of numerical 

simulations was conducted, which resulted 

in the following conclusion: For the 

investigated sea spectrum, a minimum 

sample size of approximately 75 test runs 

(corresponding to approximately 3,750 

single waves) is necessary for determining 

a stable mean value for the time to 

breaking onset tbr and the distance to 

breaking onset xbr. Further investigations 

for varying sea spectra will be part of 

future work. The development of an 

analytical detection method to find wave 

breaking in a time series showed that not 

a single parameter but a combination of 

parameters is required to detect a wave 

breaking in a time series. Currently, the 

most promising approach is to use a 

combination of minimum surface elevation, 

instantaneous frequency (and its 

derivations), and crest-front steepness. 

The introduction of an enhanced wave-

steepness parameter will be part of future 

work. 
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3.3 Soil (WP 3) 

This work package covers the 

geotechnical reliability-based design for 

mainly axially and laterally loaded offshore 

foundation piles. Therefore, as a first step 

soil uncertainties, uncertainties regarding 

the evaluation of soil properties as well as 

uncertainties regarding the reliability 

design process had to be quantified. 

Furthermore, the influence of the defined 

uncertainties on the geotechnical design 

within the partial safety factor approach 

had to be investigated and evaluated. The 

safety of a deterministically designed 

system by application of prescribed partial 

safety factors was to be determined also. 

The declared aims for all these targets 

could be reached. 

Within the development of WP 3, 

uncertainties for cohesive and non- 

cohesive soil in terms of commonly used 

soil properties, uncertainties regarding the 

estimation of soil properties as well as 

information concerning the spatial soil 

structure were specified. Additionally, 

different approaches regarding the 

implementation of a stochastic subsoil 

model were presented, since such a 

model also has a non-negligible impact on 

the results. 

The influence of the reliability-based 

design on the deterministic design 

procedure in terms of safety was also 

investigated for both categories of offshore 

foundation piles, namely monopiles and 

axially loaded piles. 

It can be concluded that the desired safety 

for monopiles is achieved within the 

deterministic design process. Regarding 

the influence of variable properties, the 

influence of the acting load on the safety is 

at least as great as that of the variability of 

the soil properties. 

Regarding the design of mainly axially 

loaded piles, a full relationship between 

deterministic and reliability-based design 

for two common design methods, namely 

the API method (by the American 

Petroleum Institute API) and ICP method, 

was developed. Here the safety of a 

deterministic design system can be 

obtained as a function of the applied 

partial safety factors. 

3.4 Foundation and Support 

Structure (WP 4) 

The design of offshore wind turbines is 

regulated by standards and guidelines as 

recommended by the approving author-

ities. These standards for the design of 

offshore wind turbines are usually based 

on the semi-probabilistic safety concept. 

The design of offshore wind turbines is 

based on numerical modeling and 

investigations. 

In probabilistic design, the probability of 

failure of the considered components for 

a period of one year has to be calculated 

by evaluating the probabilistic 

distributions of both effects and 

resistances. For both the semi-

probabilistic safety concept and the 

probabilistic safety concept, the failure of 

a structural component is defined as its 

exceeding a limit state. In particular, for 

offshore wind turbines which are affected 

by heavily scattering loads during their 

lifetime, advanced structural design and 

optimization solutions can be found within 

the probabilistic safety concept.  

Within work package 4, the advanced 

design and optimization of support 

structures for offshore wind turbines are 

evaluated with respect to the probabilistic 

safety concept. Uncertainties as well as 

the scatter of design-relevant parameters 

are described by their respective 

underlying probability distributions. Ad-

equate probabilistic methods for the 

determination are used. Both action 

effects and resistances relevant to 

offshore wind turbines are considered 

within work package 4. 

Critical limit states for the structural 

design of offshore wind turbines are 

identified. Finite element models of 

offshore wind turbines are developed for 

further investigations using the 

probabilistic safety concept. Within work 
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package 4, only monopile and jacket 

substructures are investigated. 

Environmental actions on offshore wind 

turbines and their respective scatter are 

analyzed with respect to offshore data 

measured at the FINO 1 measurement 

platform. Relevant design parameters for 

offshore wind turbines are found from the 

underlying probability distributions. Rec-

ommendations are made in order to 

adequately estimate underlying probability 

distributions as well as design parameters 

of extreme offshore conditions using 

comparatively short measurement periods.  

The dynamic behavior of an offshore wind 

turbine with a monopile substructure is 

examined. The scatter of various 

parameters used for modeling the 

structure as well as the external conditions 

is taken into account. Material properties, 

geometrical data, and soil conditions for 

the foundation are described by their 

respective probability distributions. 

Robustness analyses are carried out in 

order to estimate the first and second 

natural bending frequencies of a support 

structure of an offshore wind turbine with a 

monopile substructure, in dependence of 

the scatter of the input parameters. The 

analyses show that especially the soil and 

the water depth have a significant impact 

on the dynamic behavior of the entire 

structure. Linear correlations and 

coefficients of determination are used to 

quantify the influence of the model 

parameters. It is shown that a small 

variation of just a single input parameter 

significantly affects the resulting 

coefficients of determination. At this point 

in time, no statement can be made about 

which parameter is the most dominant. 

However, parameters responsible for the 

variation in the results and parameters of 

less importance were detected. Never-

theless, the scatter of the natural bending 

frequencies of the investigated support 

structure is comparatively small. 

The probabilistic design for the ultimate 

axial capacity for foundation piles of a 

jacket substructure is carried out in 

cooperation with work package 3 "Soil". 

Using the design load cases as stipulated 

in the relevant standards, the extreme 

event of a one-year storm is considered. 

The scatter of wind- and wave-induced 

axial forces on the foundation piles is 

estimated on the basis of the underlying 

probability distributions describing the 

respective extreme wind and wave. The 

stochastic description of the axial load 

capacity of the foundation piles is 

calculated in work package 3. The annual 

probability that the axial load capacity of 

the foundation piles is exceeded by the 

acting axial loads is calculated by using a 

Monte Carlo simulation, a commonly used 

procedure in reliability analyses. The 

calculated values of the probability of 

failure lie within the range recommended 

by relevant standards and guidelines. 

Fatigue design is important for sub-

structures of offshore wind turbines such 

as jackets and tripods. The joints of a 

jacket substructure are designed using 

probabilistic fatigue design. Here, the 

stochastic description of the highest 

stresses, which occur very rarely, is 

important as these stresses govern the 

fatigue design. The peak-over-threshold 

method can be applied to describe the 

distribution of the very high stress ranges.  

In general, the analyses show that the 

probabilistic design is very sensitive to the 

underlying probability distributions. Hence, 

the accuracy of the applied probabilistic 

distributions has to be ensured by precise 

data analyses. Under- or overestimation of 

the probability of failure is possible, which 

may results in increased economic risk 

during the lifetime of offshore wind 

turbines. 

3.5 In Situ Assembly (WP 5) 

Important influences of offshore conditions 

on the material properties of grout and on 

the in-situ assembly of this material were 

found. The influencing factors were 

analyzed and separated into four groups: 

grout material, application method, 
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offshore conditions, and the type of 

construction.  

The main influences are the diverse 

temperature conditions, wind and waves. 

Furthermore, the large length of the grout 

hoses and the length and size of grout 

lines, the environmental exposure of the 

grouted joint, and the size of the gap 

between pile and sleeve are all important 

variables. 

With this knowledge in mind, a basic PHA 

was carried out. The analysis included a 

system design analysis, an analysis of 

undesirable system states, failures, 

evaluation of risks, and recommended 

corrective actions for the in-situ assembly. 

Top and basic events were determined for 

a fault tree analysis (FTA) within the PHA. 

Two fault trees were designed; firstly, a 

minor failure, for example extended filling 

times, and secondly, a major failure, for 

example an incompletely filled grouted 

joint. The probability of failure was 

determined for both events. 

A probability of failure of about 26% was 

determined for the top event “NCR” 

(extended filling time). The second fault 

tree with the top event “defective grouted 

joint” has a probability of failure of about 

22%. Here, installation of the grout seal 

was the most important basic event. The 

probability of failure for a “defective 

grouted joint” could be reduced by 

improving the quality of the grout seal and 

the grout lines.  

A laboratory testing facility was set up for 

evaluating the influence of different failure 

modes on the material behavior of the 

grout. Typical failure modes were simu-

lated and analyzed, for example a 

temporarily blocked grout line and a 

“stinger operation” as a repair action for a 

defective grouted joint. The experimental 

simulation of the temporarily blocked grout 

line showed a reduction in the mean value 

of the compressive strength of between 

10% and 39%. The reduction of the mean 

value of the compressive strength for the 

repair action “stinger operation” ranged 

from 17% to 59%. 

3.6 Monitoring of mechanical 

Components (WP 6) 

The exact time of failure of drivetrain 

components in wind turbines cannot be 

predicted with satisfactory accuracy. 

Damage on bearings due to rolling fatigue 

as a result of repetitive over-rolling with 

high contact pressures is distributed 

stochastically. The calculation of bearing 

lifetime according to DIN 26281 only yields 

a failure probability and – despite 

modifications applied to the calculation 

methods and intense research – general 

statements about the damage mechanism 

of rolling fatigue. The influence of other 

damage mechanisms relevant to the 

operation of large-size bearings in wind 

applications, such as harmful slip, white 

etching cracks (WEC), or the passage of 

damaging currents, cannot be calculated 

or have never been investigated 

sufficiently. 

Offshore wind turbines are less accessible 

than onshore turbines because of their 

location in open water. In addition, 

maintenance and repair of damage are 

made more difficult due to the fact that the 

turbines are not accessible by ship for a 

large part of the year because of critical 

wave heights. Therefore, financial losses 

as a consequence of long downtimes in 

the event of failures are accompanied by 

higher costs for the transport of 

components by ship or even helicopter. 

For this reason, maintenance costs make 

up a larger share of the operation costs of 

OWTs compared to onshore turbines.  

Therefore, condition monitoring systems 

are needed to detect failures in the 

drivetrains of wind turbines reliably and at 

an early stage, so that expensive 

secondary damage to other mechanical 

components can be avoided and 

maintenance can be scheduled effectively. 

However, use of these systems is made 

increasingly difficult by changes in the 

drivetrain layout developed to increase the 

power density of wind turbines. 
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Thus, the aim of this work package was to 

develop and optimize monitoring and 

diagnosis systems for large-size bearings 

for different modern types of drivetrains in 

OWTs. The work included investigations 

on an analysis method for vibration-based 

condition-monitoring systems, experi-

mental vibration pickups, and sensors to 

examine and monitor preload forces of 

screw connections. 

A condition-monitoring system that 

records and analyzes mechanical 

vibrations was installed and tested on a 

large-size bearing test rig and an onshore 

turbine. The analysis method had 

previously been tested successfully on 

smaller bearings. It uses a Hilbert 

transformation to create an envelope 

curve without the use of filters. An 

increase in the level of damage-related 

vibrations could successfully be related to 

indentations from particles in a test 

bearing of the large-size bearing test rig. 

The analyses of recordings from the wind 

turbine gear box showed a distinct pattern 

in the order spectrum of one bearing, 

which could signal emerging damage. 

The wind turbine will be monitored 

further, and the measuring system will be 

enhanced. 

When experimental vibration pickups, 

capable of measuring vibrations as 

closely as possible to rolling element 

bearings, were used, component tests 

and basic investigations showed more 

sensitive transmission behavior. 

Influences on the sensor output and the 

measuring chain were identified and 

analyzed.  

Different washers coated with a 

piezoresistive sensor layer were utilized 

to perform basic tests. Screw connections 

suitable for bolted large-size bearings 

showed satisfactory laboratory results 

regarding transfer curve and statistic 

deviation. However, further investigations 

and developments are required to 

quantify or reduce the effect of influences 

on the output signal. 

3.7 Diagnostic Systems for 

Electronic Systems (WP 7) 

Due to the increasing use of renewable 

energy, early fault detection in wind 

turbine generators is becoming more and 

more important. In units with restricted 

accessibility – offshore wind turbines in 

particular – early detection of faults is 

necessary to avoid subsequent damage 

and long downtimes. This work package 

focuses on early fault detection in 

electrical machines using search coil 

systems. All important types of faults and 

damage in electrical machines, such as 

interturn faults, short-circuit faults, or rotor 

eccentricities, result in characteristic 

changes of the magnetic air-gap field. 

These changes can be used to detect a 

fault by placing search coils in the stator 

slots. Based on the voltage induced in 

these coils, they can be used to identify 

the type of fault from the induced 

frequency. Search coil systems are 

particularly suitable for the detection of 

interturn faults and eccentricities, since 

these faults have little or no influence on 

the quantities at the terminals of a 

machine, and are therefore not easy to 

detect from the outside.  

Three generator types are commonly used 

in wind energy plants. Besides doubly fed 

induction machines and salient pole 

synchronous machines, permanent 

magnet synchronous machines have seen 

increasing use over the past years. 

Initially, a search coil system was 

designed for use in a doubly fed induction 

generator, and its ability to detect interturn 

faults and even turn-to-turn faults and 

eccentricities was shown. In theoretical 

considerations it is assumed that no 

voltage is induced in the search coil 

system during normal operation of the 

system. In reality, however, residual 

eccentricities and other asymmetries due 

to manufacturing and mounting tolerances 

cannot be avoided. In order to evaluate 

the influence of residual eccentricities on 

fault detection, the signal-to-noise ratio 
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was examined. Based on previous 

research of search coil systems for 

synchronous machines, the special 

challenges of the design of search coil 

systems for permanent magnet 

synchronous machines with high pole 

pair/slot number combinations are 

determined, and their ability to detect 

winding faults and eccentricities is shown. 

To minimize the complexity of the search 

coil system as well as to improve fault 

detection, the conclusions drawn from the 

stator-fixed system are transferred to the 

design of a rotor-fixed search coil system.  

3.8 Reliability of the Grid 

Connection (WP 8) 

This work package deals with the electrical 

system’s lifetime and the reliability of 

offshore wind parks. On the one hand the 

converter lifetime is addressed (IAL-LE), 

while on the other hand a reliability 

analysis for a complete wind park grid is 

performed (IEH).  

A converter lifetime analysis for so-called 

doubly-fed induction generator (DFIG) -

based wind turbines was performed at the 

IAL-LE. In a first step, a steady-state 

model for a specific wind turbine is 

developed. For each wind speed stator, 

rotor and grid currents/voltages are 

predicted. An electrothermal model for the 

converter module is implemented. In this 

way, the lifetime temperature swings that 

are harmful to the power module are 

predicted. To get an idea of the lifetime 

consumption, wind speed data in the 

German North Sea measured over one 

year are used as input. Several operating 

points are identified as lifetime critical. The 

gained results only apply to steady-state 

operation. This restriction can be over-

come by using dynamic models.  

Therefore, in the second part of this 

project, a dynamic model of the DFIG wind 

turbine is developed. Extensive literature 

research yields several possible 

mechanical descriptions of the DFIG 

turbine. A dynamic speed control strategy 

is set up to track the point of maximum 

power in these mechanical power 

coefficient curves. A specific description 

is found to best. This dynamic model is 

implemented in MATLAB Simulink as a 

simulation tool. The simulation of the 

dynamic junction temperature offers the 

possibility to examine the lifetime 

consumption in a more practice-relevant 

way.  

Reliability assessments are important 

techniques for the analysis, conception, 

and eventually the safe operation of 

offshore wind farms. An optimum design 

of OWFs requires not only analytical 

financial calculations of the expected 

electrical losses, but also detailed 

modeling of the entire wind farm 

management system. For this calculation, 

two different simulation approaches were 

presented at the IEH, in addition to an 

overview of the analytical procedures. 

The Markov chain Monte Carlo method 

(MCMC) and the Monte Carlo simulation 

method (MCS) for reliability assessment 

of OWTs, presented in this work package, 

use the specific advantages of analytical 

considerations for aspects in the 

simulation environment in each case. 

Furthermore, after introducing charac-

teristics of reliability considerations and 

the basic principles of analytical and 

simulative methods, possibilities for 

extensive modeling of the required 

equipment and influencing factors are 

discussed. The stochastic dependence of 

the accessibility of a wind farm and the 

failure probability of its equipment on the 

variable wind conditions and the time-

variant condition of the wind farm are 

considered in a comprehensive model. 

The simulation models for maintenance 

and repair modes developed in this WP, 

as well as their emphasis on damage and 

losses, form a good basis for future 

calculations. Thus, particularly with the 

Monte Carlo simulation tool developed in 

this WP, a very detailed study of reliability 

characteristics of any OWT topology is 

possible. Estimates about fault times and 
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economic yields can be obtained a priori. 

Various concepts for maintenance or 

interconnection of wind power plants 

within an OWP (offshore wind park) can 

be compared. This system can be 

extended to any control system because 

of its modular design. At the same time, a 

simplified implementation can be devel-

oped by also considering the analytically 

based MCMC method. This approach is 

mainly used as a reference or in cases 

where accurate modeling is not or no 

longer possible. 

The input parameters of the investigations 

can be chosen freely for both the indi-

vidual reliability characteristics of the 

equipment as well as for the site-specific 

and climatic conditions. 

A simple comparison of different equip-

ment for case studies and investment 

analyses is possible by discretizing 

equipment models on the relevant failure 

and repair rates. Thus, a basis for a 

program for an extensive reliability 

evaluation of arbitrary OWFs is developed 

and its function is shown with different 

examples. 
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4 Work packages 

4.1 Safety of Offshore Wind 

Turbines (WP 1) 

Institute of Concrete Construction 

Michael Hansen, Boso Schmidt 

4.1.1 Abstract 

For onshore structures, target reliability 

levels established historically are 

stipulated in relevant design standards. 

An ongoing discussion deals with the 

target reliability of components of offshore 

wind turbines and the OWTs themselves 

[1.30]. There is still no agreement on the 

acceptable possibility of failure or the so-

called reliability index.  

In the WPs different methods for reliability 

analysis are used to reach their 

respective objectives. Some objectives 

and assumptions are quite similar for 

each WP. Therefore, it was decided to 

translate these assumptions into 

principles. Thus, a database with justified 

parameters was created.  

4.1.2 Objective 

The objective of this research project is to 

obtain a design approach for offshore wind 

turbines by using a holistic probability 

analysis to obtain the probability of failure. 

About 30 researchers in three faculties are 

involved in the project. These researchers 

worked on individual and team objectives. 

They used similar methods and a joint 

database as set out in WP 1. 

In the field of wind energy and particularly 

for OWTs, there is no international 

consensus regarding the target reliability 

index. A reliability index is commonly used 

for the design of structural components 

and also structures themselves. Ex-

pressions for the reliability of the structure 

are included in DIN 61400-1 [1.7] and EC0 

[1.8] and will be revised soon. In addition, 

the reliability of offshore structures is 

critically dependent on their availability 

and accessibility; see Figure 1.1. 

 

Figure 1.1: Relationship between 

reliability, availability, and accessibility for 

offshore wind turbines; cf. [1.45] 

4.1.3 Approach 

Reliability analyses represent an 

appropriate approach for the development 

of civil engineering standards; cf. [1.15]. 

With such analyses, characteristic values 

and safety factors for predefined safety 

classes can be determined. Unlike in 

deterministic examinations, random 

parameters are taken into account in 

probabilistic methods. Thus, statements 

about the occurrence frequency of several 

limit states are possible. The importance 

and sensitivity of the included parameters 

can also be evaluated. 

In the actual design of OWT structures, 

random parameters are substituted by 

characteristic loads and safety factors. 

These values are generally taken from 

building standards or from guidelines for 

onshore wind turbines; for example [1.3] 

[1.4]. In probabilistic examinations, the 

essential design parameters ought to 

include their statistical values to obtain 

safe and efficient structures. Previous 

research projects have dealt with the 

failure probabilities of wind turbine 

components, for example blade fails or 

tower fails. The current project focuses on 

the entire tower and the tower-foundation 

interaction.  

The economy of structures and buildings 

depends on the investment costs 

(construction costs) and the costs of 

failure; see Figure 1.2. The failure of 

OWTs can concern the whole structure or 

just single parts of the electrical or 

mechanical components. In a holistic 

design concept, the relevant risks and 

follow-up costs of environmental damage 
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have to be considered. The risk R given in 

Eq. (1.1) has to be lower than the socially 

justifiable limited risk Rlim. This limit risk 

may be obtained from different 

approaches, for example those listed in 

[1.59] or [1.27]. 

 

Figure 1.2: Development of costs,  

cf. [1.28] [1.56] [1.57] 

lim  f fR V P R
 

(1.1) 

where: 

R risk  

Vf  consequences of failure 

Pf probability of failure 

Rlim limited risk  

A probabilistic approach for OWTs is 

suitable for classifying the reliability of the 

analyzed structures. Thus, it should be 

possible to optimize the reliability and 

economic investment of OWTs.  

Reliability Modeling 

Uncertainties 

In reliability analysis, several kinds of 

uncertainties have to be considered; see 

Figure 1.3. Uncertainties modeled by 

stochastic variables are divided into four 

groups. Inherent uncertainties are related 

to the randomness of a quantity (for 

example the expected wave height or 

annual maximum wind speed). Model 

uncertainties are related to imperfect 

knowledge or idealizations of the 

mathematical or physical models used for 

the uncertainty (for example distribution 

fittings, models for bearing behavior). 

Furthermore, there are dimensional 

uncertainties related to imperfect 

dimensions (for example geometrical 

quantities) and statistical uncertainties 

related to the limited sample sizes of 

observed quantities. Human errors are not 

included, because they cannot be 

estimated with probability methods. 

 

Figure 1.3: Uncertainties; cf. [1.28] [1.37]  

Reliability Methods  

Various reliability analysis methods are 

used. These methods are different with 

regard to their degree of precision (level 

of sophistication, [1.28]). The semi-

probabilistic method, also called partial 

safety concept and introduced interna-

tionally by [1.8] and nationally by [1.6], is 

a so-called Level I method, in which 

characteristic values of actions and 

resistances are used to obtain design 

values by multiplication with partial 

factors. The partial safety factors are 

calculated with Level II methods.  

 

Figure 1.4: Methods for probabilistic analy-

sis and levels of sophistication; cf. [1.28] 

FORM, SORM, ARSM, MCS 

The Level II methods (for example 

FORM/SORM: first/second order reliability 

method) are based on the mean average 

http://dict.leo.org/ende?lp=ende&p=thMx..&search=approach
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value and the statistical spread, which are 

two characteristics of random distributions 

of mechanic parameters (basic values). 

More accurate results are achieved by 

applying Level III methods such as 

numeric integration or the Monte Carlo 

method (MCM). To perform stochastic 

optimization and robust design opti-

mization, sampling methods (for example 

ISPUD: importance sampling using design 

point or LHS: Latin hypercube sampling) 

or the adaptive response surface method 

(ARSM) are used; cf. [1.28], [1.36]. 

By applying approximation procedures 

such as FORM, it is possible to carry out 

comparisons and sensitivity analyses of 

different structures. Based on the 

probability of failure, the Hasofer-Lind 

second moment reliability index and the 

sensitivity factors of actions and 

resistances, it is possible to obtain 

approximate values for the safety 

elements, such as the partial safety factors 

([1.28], [1.52], [1.53], [1.56], [1.57]). To 

make any statement about the probability 

of failure of the structure, more precise 

probability methods are needed. To 

determine non-linear limit state functions 

or to carry out non-linear calculations of 

the structure, the MCM or the ARSM can 

be used. 

More detailed explanations about reliability 

methods are given in [1.28], [1.34]. 

Fault, Event and Decision Trees  

Two important tools for probabilistic safety 

investigations and quality management 

are fault tree analysis (FTA) and event tree 

analysis (ETA). FTA is based on failure of 

a system, which can be attributed to the 

malfunction of its subsystems. These 

malfunctions are caused by the failure of 

the subsystem components. The result of 

these considerations is represented as the 

so-called fault tree, which indicates the 

logical links between the failure of the 

components and the system. In the fault 

tree, only the states "functioning/secure" 

and "failure/insecure" are considered. 

These states are associated with 

occurrence probabilities. The probability of 

failure of the system follows from the 

mathematical evaluation of the fault tree 

on the basis of the component 

malfunction, the probabilities for the 

occurrence of action effects, and gross 

errors (human errors). 

For successful employment of FTA, first of 

all it is necessary to perform a systems 

analysis. In a systems analysis, a system 

is divided into subsystems and 

components. After mutual dependencies 

of the components have been analyzed, 

the investigation is limited to the critical 

operating states. Hence, the critical states 

of the system must be identified which can 

be done with a worst-case analysis. A 

worst-case analysis should consider the 

following aspects; cf. [1.17]: 

 Stipulation of the extent of damage on a 

five-step scale 

 Specifications of the damage duration 

 Averting mechanisms 

In Table 1.1 an overview of the use and 

the objectives of some quality 

management technologies (QM 

technologies) is shown. Some of these 

processes are also used in current 

probabilistic tools [1.36]. 

Table 1.1: Methods and objectives of 

some preventive QM technologies 

 

Further details of these processes are 

found in [1.17]. Decision trees for risk 

investigations are dealt with in [1.20] and 

[1.14]. 
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System Reliability  

Two types of logical component 

arrangements can be distinguished: the 

series system and the parallel system. In 

reality, however, the logical description of 

a system failure corresponds better to the 

model of a series system with parallel 

subsystems, or to the equivalent form of a 

parallel system with series subsystems. 

The status of a system is defined by the 

characteristics of its components. The 

discretization of the system into compo-

nents does not necessarily correspond to 

the subdivision into mechanical elements, 

since the status of a mechanical element 

depends on the characteristics of its 

critical locations (e.g. plastic hinges). The 

subdivision of a system into components 

also depends on the type of loading (line 

load, concentrated load etc.). Therefore, a 

mechanical element has several 

components and can be considered as a 

subsystem. 

Series systems   

In a series system, system failure can be 

expressed as the failure of one of its 

components ("or" link). This can be 

illustrated by representing the series 

system as a chain system without 

redundancy. All components equally share 

the task fulfilled by the system as a whole. 

The probability of failure of a series system 

corresponds to the set union of the failure 

probability of its m components; cf. Eq. 

(1.2). 
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Eq. (1.3) represents trivial boundaries for 

rough estimates of the failure probability of 

series systems. The left-hand boundary in 

Eq. (1.3) represents the exact value for 

uncorrelated components. 

   , ( )max i f Sys ser iP F P P F       (1.3) 

This interval can be reduced further by 

using elementary bars, the so-called 

Ditlevsen Bounds; see Eq. (1.4) and (1.5). 
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 (1.5) 

Parallel system 

A parallel system fails if all m limit states 

are exceeded. Therefore, all of its 

components, including the strongest 

element, must fail ("and" link). Two types 

of parallel systems can be differentiated. 

Parallel systems with passive redundancy 

contain components which are used only if 

other components have already failed. 

Parallel systems with active redundancy 

only include components which are 

effective. The failure of a component 

triggers the redistribution of partial 

functionalities to more resilient 

components, but does not cause system 

failure. 

The probability of failure of a parallel 

system with active redundancy can be 

expressed as the average value of the 

failure probabilities of its components 

according to Eq. (1.6), with Eq. (1.7) 

representing trivial boundaries for it. The 

left-hand boundary represents the exact 

value for uncorrelated components. 

 , ( )
1 1

0
m m

f Sys par i i
i i

P P g x P F
 

   
        

   
 

(1.6) 

   , ( ) mini f Sys par iP F P P F       (1.7) 

Codes and Guidelines 

A brief history and general comparison of 

different guidelines, which may be used for 

the design of OWT support structures, are 

given in [1.35], [1.44], [1.51]. These 

guidelines have been developed by 
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organizations such as the International 

Electrotechnical Commission (IEC), 

Germanischer Lloyd (GL), Det Norske 

Veritas (DNV), the International Organi-

zation for Standardization (ISO), and the 

American Petroleum Institute (API). DNV 

has been a part of Germanischer Lloyd 

(GL) since 2014. 

In [1.44], the guidelines developed by the 

API and the IEC are compared in general 

terms regarding the extent of their 

applicability and fundamental differences 

for OWT support structure design. The API 

and IEC guidelines are also compared 

with respect to their levels of reliability, 

which is inherent in their design method-

ologies for monopiles.  

The limitation of target reliability levels has 

evolved with the economic optimization of 

structures cf. [1.15], [1.48], [1.52], [1.53]. 

The target failure probability for OWTs has 

to be predefined in standards. Wind 

turbine structures are unmanned and carry 

much less risk to human life than onshore 

structures. Therefore, they may be 

designed to a lower safety class. The 

characteristic loads in codes are given as 

50-year values [1.2] or 100-year values 

[1.1]. Furthermore, the design of wind 

turbine structures is expected to be 

governed by wind turbine loads, which are 

of another nature than wave loads. 

However, wave loads are assumed to 

govern for structures designed according 

to [1.1].  

During revision of [1.2] in 2007, different 

examinations were carried out. It was 

concluded with consensus in the wind 

industry that the minimum requirements for 

structural safety are identical on land and 

offshore [1.51]. 

Reference Periods 

The calculated probability of failure Pf and 

the reliability index  can be very sensitive 

to changes in the stochastic model, in 

particular in the range of very low failure 

probabilities. Therefore, a conditional 

probability is formulated in dependence of 

the value of. This probability is only valid 

if a great number of basic conditions (for 

example distribution type of the base 

variables) are considered. Thus, a 

comparison of the probability or the value 

of is appropriate only if it refers to the 

same theoretical model or to the same 

assumptions [1.50]. This applies particu-

larly to the influence factor of time. Due to 

time-dependent influences and material 

properties, the probability of failure is also 

time dependent. If the probability of failure 

is used as a safety factor, it is vital to 

stipulate a reference period also. With 

regard to the uncertainties concerning the 

statistical information, the shortest 

possible reference periods need to be 

chosen. If time-dependent properties have 

a dominant influence on the resistance 

parameters or equations (for example 

fatigue), however, it is unfavorable to have 

short reference periods. 

Reference periods for characteristic values 

are specified with regard to the intended 

life of the structure or the assumed 

duration of the design situation. In [1.8], a 

period of 50 years is stipulated as a 

planning value for the design working life 

of buildings and common supporting 

structures. Values for the service life of 

systems for energy generation are shown 

in [1.56]; cf. also Table 1.2. 

Table 1.2: Service life of  

different structures; cf. [1.56] 

 

An approximate conversion of the 

reliability index  between different 

reference periods [1.6] can be carried out 

with Eq. (1.8). 

   1

n

n       
(1.8) 

Target Reliability Levels 
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In the relevant design codes, specifi-

cations relating to target reliability levels 

can be found only indirectly. In present 

semi-probabilistic verification formats, 

defined partial safety factors are included 

for stress demand and resistance 

variables. The product of these two safety 

elements is the global safety factor, which 

was stipulated in previous standards and 

was considered exclusively on the 

resistance side. The partial safety factors 

determined by probabilistic Level II 

calculations (for example FORM) and 

calibrated with Level III methods (for 

example Monte Carlo method, numeric 

integration) were calibrated for the existing 

safety level, which is not constant. 

The modern partial safety concept 

registers the uncertainties at their origin. 

This means that there are safety factors to 

increase the design loads and to decrease 

the design resistances. This often leads to 

different results compared to the global 

safety concept. This can be caused by the 

weighting and statistical scatter of the 

detailed parameters for the different 

actions, model assumptions, and building 

materials. A target reliability based on the 

global safety concept is hence uneco-

nomical, and also unsafe in some cases. 

Thus, the stipulation of an appropriate 

target reliability value in dependence on 

the type of structure and its environmental 

exposure is important for a safe and 

economic design of wind turbines (WT). 

Target reliabilities for different countries 

are found in existing standards. Therefore, 

any new design approach should not yield 

very different results to the ones obtained 

with current design standards. The IABSE 

Working Commission 1 carried out a 

comparative study of the reliability targets 

of a number of existing codes; cf. 

Table 1.3 and [1.58]. 

In Germany the target reliability and the 

reliability index are 4.2 (reference period 

one year) and 3.8 (reference period 50 

years), respectively. 

Table 1.3: Target reliability indices β for a 

one- year reference period stipulated in 

international codes; cf. [1.58] 

 

Target reliability levels for wind turbines 

have been formulated in [1.49] using 

theoretical cost-benefit analyses. In 

[1.56], specific values for different 

structural parts of a WT are mentioned. 

Critical statements about the previous 

target values of the reliability levels for 

WTs are given in [1.46]. A comparison 

with similar guidelines of the oil and gas 

industry [1.10] clearly shows their main 

differences; cf. Table 1.4. 

Table 1.4: Target reliability indices β 

(probability of failure Pf) for support 

structures according to [1.8] and [1.15], 

and values for offshore support structures 

of the oil and gas industry [1.10] for a one-

year reference period 

 

Considering the stipulations of onshore 

building standards [1.6], [1.8], a smaller 

target reliability could be used for 

unmanned OWTs. Furthermore, there is a 

certain logic to this argument, because 

the reliability of these OWT structures is 

not relevant for the general public. 
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Rather, the target reliability values should 

be defined by the operators who suffer a 

commercial loss in the event of failure of 

an OWT. For a lower reliability index, 

higher failure probabilities are assumed. 

Because of low failure consequences, a 

classification into reliability class RC1 

would be appropriate.  

Safety, Consequence and Reliability 
Classes 

In civil engineering there are different 

kinds of structures. Due to the different 

fail options, structural failures and 

especially structural collapse have to be 

assessed individually. Therefore, safety 

classes or reliability classes (RC) are 

defined for the consideration of risk. 

Different reliability indices  are thus 

stipulated for the three reliability classes 

for the ultimate limit state (ULS) and the 

serviceability limit state (SLS); see 

Table 1.5. 

The basic principles formulated within the 

framework of the European construction 

standards are published in [1.8]. These 

values are understood as minimum 

requirements for general cases and are 

based on calibrations according to the 

design guidelines of different countries. In 

the present case, logarithmic normal 

distributions and Weibull distributions 

were used to describe the resistance 

variables and the model uncertainty, and 

normal distributions were used to 

describe permanent actions and extreme 

value distributions for variable actions. 

Table 1.5: Reliability indices  for different 

reliability classes (RC) 

 

The stipulation of the required reliability 

by way of a reliability index  is 

determined not only from national 

experience and requirements. The 

selected mechanical and probabilistic 

modeling, in particular, influences the 

reliability index as well as the projected 

service life. Therefore, the necessary 

reliability index (target reliability) is to 

serve mainly as a basis for the 

development of consistent design regu-

lations, but not as an explicit specification 

of the existing probability of failure. 

Three consequence classes (CC) and 

reliability classes (RC) with corresponding 

required reliabilities are stipulated in 

dependence on possible consequences 

listed in [1.8] (Tables B.1 and B.2). The 

levels of danger and the loss of human 

lives or real values are low for RC1 and 

high for RC3. 

Table 1.6: Recommendation for minimum 

values of the reliability index  

 

A conversion of the failure probabilities 

from a reference period of one year to a 

reference period of 50 years is possible 

with Eq. (1.9); cf. also Eq. (1.8). 
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 (1.9) 

In Figure 1.5 the dependencies of the 

reliability indices on the reference period 

for the different reliability classes are 

shown graphically; cf. [1.30]. Thus, 

reliability indices can also be derived for 

WT planning periods of 20 or more years. 
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Figure 1.5: Dependence of the reliability 

index on the reference period; cf. [1.30] 

Partial Safety Factors 

For practical applications, a constant 

reliability index  is used, and constant 

values of the FORM sensitivity factors E 

and R are defined in order to reduce the 

bandwidth of possible solutions to a 

single case. In [1.6], the fixed values for 

E and R are -0.7 and 0.8, respectively, if 

 = 3.8 for these sensitivity factors and 

condition (1.10) is met. 

E

R

0.16 7.6



   (1.11) 

Otherwise, the sensitivity factors have to 

be calculated with different parameters; 

cf. [1.25], [1.28]. 

Factors for Actions 

The characteristic and design values of 

the variable actions depend on the 

reference period. For the design values of 

the variable actions in the ULS, a 

reference period n = 50 years is generally 

used. These variable actions are generally 

Gumbel distributed; cf. Eq. (1.12), [1.25] 

and especially Chapter 2 of this report 
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(1.12) 

For WTs with smaller reference periods, 

the determining equation for the design 

value could be modified. The design 

value of the variable actions is 

determined with Eq. (1.13) for a reference 

period of 20 years for reliability class RC2 

with  = 4.0. For reliability class RC1 with 

 = 3.5 and the same reference period of 

20 years, Eq. (1.14) applies. A constant 

sensitivity factor E = 0.7 is assumed in 

this case. 
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(1.14) 

For the three reliability classes RC1 to 

RC3, the dependencies of the design 

values of the variable actions Qd on the 

reference period are depicted in 

Figure 1.6. The coefficient c (RC) used in 

Eqs. (1.12) - (1.14) is shown for each 

case. To determine the characteristic 

values of the variable actions, however, 

the reference period n = 50 years is used 

for imposed loads (95% fractile), and n = 

1 year is used for the environmental 

actions such as wind loads (98% fractile). 
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Figure 1.6: Dependence of the design 

values of the variable actions on the 

reliability classes and reference periods 

Hence, Eq. (1.15) applies to imposed 

loads, while Eq. (1.16) is used for wind 

loads. For detailed information see [1.28], 

A.9.1. 
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(1.15) 
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(1.16) 

For a stipulated partial safety factor, the 

reference periods of the design values 

and the characteristic values must agree. 

The characteristic values of the 

environmental actions are determined 

with Eq. (1.17) for the normal reference 

period n = 50 years. 

For WTs with a reference period of 20 

years, the characteristic value of the wind 

loads can be determined with Eq. (1.18). 
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(1.18) 

The partial safety factor of the actions is 

calculated as the ratio of the design value 

and the characteristic value. In this way, 

the partial safety factor is also dependent 

on the reference period and the reliability 

class. In [1.6] the partial safety factor f is 

stipulated for variable actions acting 

unfavorably, independent of the size of the 

coefficient of variation, such as the 98% 

fractile with Q = 1.50. 

For OWTs, different partial safety factors 

apply. The partial safety factors for ULS 

verifications according to Table 1.7 are 

taken from [1.9]. 

Table 1.7: Partial safety factors for actions 

f according to [1.9] 

 

Similar specifications are defined in the 

guidelines of the Deutsches Institut für 

Bautechnik (DIBt) [1.3], [1.4] and 

Germanischer Lloyd (GL) [1.11], [1.12], 

[1.13]. The differences between both 
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publications are highlighted in color and 

boldface type in Table 1.8. 

Table 1.8: Partial safety factors f for the 

actions for ULS verifications [1.4] 

 

Smaller safety factors may also be applied 

to the actions if their magnitudes are 

determined by measurements or with 

numeric analyses verified by measurements 

with a very high level of confidence. This 

kind of work is described in Chapter 2 of this 

report. 

Resistance Factors  

The characteristic value of the yield stress 

fyk of the reinforcing steel corresponds to 

the 5% fractile of the statistical distribution. 

For verification purposes, the partial safety 

factor is determined for reinforcing bars 

according to Eq. (1.19). 

  
 

1exp 0.8 3.8 0.05

exp 1.395

R R

R

v

v

      

 

 (1.19) 

The partial safety factor S = 1.15 

stipulated in [1.5] also applies to the 

coefficient of variation of the yield stress of 

reinforcing bars vs = 10%. 

A partial safety factor C = 1.50 is 

stipulated in [1.5] for concrete strength 

classes up to C50/60. For precast 

elements (PE) produced in a works-related 

and continuously monitored manufacturing 

plant, this factor may be reduced to C,PE = 

1.35. The unfavorable scatter of all 

influence variables is generally taken into 

account by the coefficients of variation vR  

0.29 and vR,PE  0.22 (cf. [1.28]). 

 

Factors for Model Uncertainties 

Model uncertainties have to be taken into 

account within all probabilistic assess-

ments. Unfortunately, however, there is a 

lack of knowledge regarding these model 

uncertainties. For normal structural 

behavior and ultimate limit state design, 

failure cases are known and feasible 

assumptions are available in the literature; 

cf. [1.27]. The structural behavior of WTs 

and OWTs can be simulated reasonably 

well. However, there is less information 

available about cases of structural 

collapse. To understand model uncer-

tainties, a comparison of the theoretical 

and the experimentally determined load-

bearing behavior is necessary. The model 

uncertainties can be estimated with 

standardized methods; cf. [1.8] Annex D 

and [1.28].  

The model uncertainties are very important 

for probabilistic assessments, because 

they can only be formulated with great 

scatter. The coefficient of variation of 

model uncertainties is generally much 

greater than that of other input 

parameters. Therefore, the so-called 

model factor governs probabilistic calcu-

lations. Within the present calculations, 

model uncertainties were only used for the 

soil model in Chapters 3 and 4.  

Correlation and Combination of Actions 
and Action Effects 

Within limit state verification, there are 

often several variable actions of different 

origins. In conservative design, load 

modeling is carried out over extreme value 

distributions in the reference period, 

because the probability of two extreme 

values occurring simultaneously is 

relatively small. 

Many approaches for developing factors 

for conservative design are based on a 

proposal from Turkstra [1.55]. According to 

this document, several variable actions 

occurring simultaneously are to be 

combined in such a way that the governing 

variable action (main action) takes its 

extreme value with respect to a specified 
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time period. The other variable actions 

(accompanying actions) are applied with 

their respective value at that point in time. 

Every variable action is assumed in turn 

to be the governing action. Thus, the 

number of load combinations depends 

directly on the number of variable actions 

acting simultaneously. For the design, the 

most unfavorable load combination 

governs. The variable actions are 

assumed to be independent of each 

other. However, this approach neglects 

the fact that the most unfavorable 

situation can occur at a time at which 

none of the participating actions exhibits 

a maximum value. 

 Figure 1.7: Loads within reference period 

T (Borges-Castanheta); cf. [1.28] 

Based on the proposal by Turkstra, a 

modified approach was proposed by the 

Joint Committee on Structural Safety 

(JCSS) according to Borges-Castanheta  

(Figure 1.7), which is also called design-

value method [1.15]. According to this 

method, the reference period T of every 

time-variant action first has to be divided 

into a number of elementary time periods 

of similar duration i, so that the extreme 

values of the actions in consecutive 

periods can be considered as inde-

pendent. In addition, the conservative 

assumption is made that the value of its 

intensity Qk,i is constant during the 

elementary time period i (basic period). 

This assumption also applies to 

constantly variable actions. It should be 

noted that the shorter basic periods are 

integral dividers of the next larger basic 

periods (i = n2 = m3). After the period 

lengths have been sorted in ascending 

order (3 < 2 < 1), the necessary 

combinations can be found according to 

Eq. (1.19), with the help of the probability 

distributions of the actions and their 

extreme values Fi,max (Qk,i); cf. [1.25], 

[1.28].  

The distribution function of the extreme 

values FQ,max (Qk,i) can be calculated from 

the number of load changes Ni and their 

distribution function Fi (Qk,i) in the basic 

period I, using Eq. (1.20). 

   ,max , ,

iN

Q k i i k iF Q F Q   
 (1.20) 
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iN

Q k i i i k iF Q P F Q    
 

(1.21) 

The factor 0,i for combined loads is 

calculated with Eq. (1.22) ([1.24]-[1.26], 

[1.14]). 

 

 

  
 

1

max

1

max

max

max

1

0,
1

1

1

1

0.4

exp 0.4

0.7

N

Q c

i N

Q c

Q c

Q

F

F

F N

F


















   


  

    


   

 (1.22) 

 
1

1 1

E

c

T
N

N

 




  
   

 

 
(1.23) 

The factor 0,i depends on the longest 

basic period 1 of the independent actions 

considered, the reference period T, and 

the applicable distribution. Some basic 

periods 1 or different loads are given in 

Table 1.9. The planned service life of the 

support structure is generally chosen as 

the reference period T; cf. Figure 1.7. 
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Table 1.9: Basic periods 1 for  

independent actions; cf.[1.25], [1.26] 

 

For different basic periods 1 of the loads, 

the factors can be determined with Eq. 

(1.21), using a Gumbel distribution 

according to Eq. (1.24). 
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 (1.24) 

Reliability Modeling of OWT 

Reliability investigations are generally very 

expensive to carry out. A great number of 

calculations have to be performed to 

obtain predictions regarding the probability 

of failure. Thus, appropriate methods and 

programs have to be chosen to perform 

suitable and efficient analyses. 

Each OWT is modeled as a system of 

different components which are divided 

into two groups: structural members such 

as tower and foundation (WP 3-5) or 

blades (WP 2), as well as mechanical 

components (WP 6) and electrical 

components (WP 7 and 8). For the 

structural members, limit state equations 

can be formulated, defining failure or 

unacceptable behavior. The parameters in 

these equations have to be modeled using 

stochastic variables. In this project, the 

uncertainties of the stochastic parameters 

and models were determined from 

available measurement data. 

For OWTs, physical problems are very 

complex; the wave-structure-foundation 

interaction causes many problems in the 

design. Moreover, there are a large 

number of possible failure sources that 

have to be considered along with their 

complex interactions. In Figure 1.8 a 

simplified flow chart of the development 

procedure is shown. 

 

Figure 1.8: Flow chart of probabilistic OWT 

assessment [1.38] 

In this project, the reliability of the 

mechanical and electrical components is 

estimated by using classical reliability 

models, for example FMEA (failure mode 

and effect analysis) or FTA (failure tree 

analysis). 

Reunification of WPs 

Information and Assumptions 

In WP 1 one objective target is to unite the 

methodology of all WPs. Therefore, 

regular meetings with all involved persons 

were held about every ten weeks after the 

start of the project. Short presentations by 

persons of each WP ensured that 

individual approaches could be discussed. 

Thus, common assumptions based on a 

coordinated method of investigation were 

found. These assumptions were clarified 

and validated during two workshops held 

in 2012; cf. Annual Report 2012 [1.39], 

paragraph 2.1.3.  

Bilateral Discussions 

The progress of each WP was evaluated 

in bilateral discussions between WP1 and 

the other WPs. The goal and purpose of 

these dialogues were to develop 

commonalities between the used methods 

and input variables in the different WPs. 

The networking of each WP within the 
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whole project was also examined. With 

this approach, possible cooperations could 

be forged and similar work carried out in 

different WPs could be detected. 

Software 

At the start of this project, software was 

evaluated for use in the research. As a 

result, the software optiSlang© [1.36] was 

bought and made available to all project 

partners. In a workshop all participants 

were informed about the content and 

possibilities of this software. However, only 

few project partners used this software in 

this project. Some project partners created 

their own tools instead. For the 

examination of statistical parameters the 

software RCP Statrel was used. 

4.1.4 Results 

There is still no predefined target reliability 

in the standards for onshore and offshore 

wind turbines. A panel of experts for the 

BSH standard "Design", work group 

"Safety level", met in Hanover in March 

2012 [1.18]. The participants work either 

for manufacturers, research institutions, or 

certifiers. They met to discuss current and 

future approaches to safety elements of 

wind-loaded structures and their 

foundations. As a result, it was concluded 

that only a risk analysis for optimal safety 

and reliability of offshore wind turbines 

may be of real importance. Within such a 

risk analysis, existing failure probabilities 

have to be merged with their (economic) 

consequences of failure. A target reliability 

index  = 3.3 (Pf,annual = 510–4) was 

proposed. However, standardized sensi-

tivity factors E = –0.7 and R = 0.8 as 

stipulated in EC 0 [1.8] are no longer valid 

because of the dominant wind load. It 

became apparent that no reasonable basis 

exists to reduce the present safety level 

and associated safety elements of OWTs. 

Thus, holistic investigations for OWTs 

such as those carried out in this project 

are necessary for developing further 

approaches. 

Further to the research in the work 

packages, two workshops were held in 

Hanover in May and June 2012 [1.42], 

[1.43]. The aim of these events was to 

discuss the current approaches and 

assumptions with representatives from 

industry and to get to know their interests 

in this matter. Thus, the main focus was on 

finding realistic approaches to determine 

the input variables for all WPs. Critical limit 

states and possible scenarios were 

discussed. The financial losses in case of 

failure and public interest were also 

discussed. It became clear that the failure 

of a single OWT appears to be of rather 

minor concern. Failure of a whole wind 

park, however, would be considered a 

major event. A failure of this kind could be 

related to structural design, for example, if 

the towers or the foundation of all OWTs 

were damaged by a catastrophic event or 

an inherent systematic failure in the 

design. On the other hand, failure of the 

electrical components and the grid 

connection could lead to big financial 

losses. Generally, electrical systems are 

planned with a known N–1 reliability, 

meaning that each part is designed 

redundantly. In OWTs, however, there is 

no N–1 reliability. For these electrical 

systems, it is not common to keep reserve 

components for all parts, such as cables 

and transformers. This is very risky, 

because for offshore structures the failure 

of low-cost modules can lead to very high 

costs for maintenance and repair. 

In conclusion, the workshops clarified the 

interests of industry and enabled the 

validation of assumptions and input values 

for the present investigations. 

In this section, the methods used in the 

different WPs are summarized step by 

step. Although there are great differences 

between the methods used in each WP, 

similarities can also be found. 

WP 1 is characterized by the common use 

of methodical approaches and existing 

databases. A central database, which was 

updated and extended regularly, was 
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used. The required statistical values for 

probabilistic determination of failure 

probabilities could be obtained from this 

database. In civil engineering, these 

necessary data are statistical values of the 

resistance and the loads.  

Considering support structures and their 

environmental conditions, soil parameters 

are also essential. These parameters are 

highly dependent on the OWT location. 

The database also contains an overview of 

the statistical values for the location of the 

research platform FINO 1 [1.21]  

In addition to the material and soil 

properties, the component dimensions are 

also important. To obtain these properties, 

data from other research projects such as 

GIGAWIND [1.22] were also used.  

The statistical distributions of essential 

load parameters for OWTs are hardly 

known. To determine the statistical values 

of these input parameters, the meteoro-

logical and hydrological measurements 

from the research platform FINO 1 

were used. For the statistical analysis of 

the loads on an OWT, it is important to 

use a distribution which represents a 

suitable approximation of  a dataset or 

the associated histogram. In civil 

engineering, the range of low occurrence 

probability is important. Thus, the upper 

quantiles of a probability distribution are 

important for determining the reliability. In 

civil engineering, the Gumbel distribution 

as a distribution of extreme values can be 

used to appropriately describe climate 

loads. Further distribution types are the 

Weibull or the Rayleigh distribution.  

For the design of OWT support 

structures, the current 50-year extreme 

values of wind and wave loads are 

combined in a conservative manner. 

Using wind and sea state data from the 

measuring platforms in the North Sea and 

the Baltic Sea, the interaction of wind and 

waves has been analyzed stochastically; 

cf. [1.19] and [1.29]. 
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4.2 Action Effects of Wind 

and Waves (WP 2) 

Action Effects of Wind: 

Institute of Turbomachinery and Fluid 

Dynamics (TFD) 

Benedikt Ernst, Jörg Seume 

 

Action Effects of Waves: 

Franzius-Institute for Hydraulic, 

Estuarine and Coastal Engineering (FI) 

Mayumi Wilms, Arndt Hildebrandt, Torsten 

Schlurmann 

4.2.1 Abstract 

Aerodynamic wind loads and hydro-

dynamic wave loads are essential input 

parameters to consider during probabilistic 

investigations of offshore wind turbines 

(OWT). Therefore, in this work package 

characteristic parameters of the loads and 

the resistance of OWTs are determined. 

The common database of wind and wave 

measurements FINO 1 is used. The work 

at the TFD is focused on uncertain 

parameters caused by the complex flow 

environments as well as geometric 

deviations and material imperfections of 

the rotor blades. The work at the FI is 

focused on the sensitivity of wave-

breaking probability and significant sea 

state parameters, and their uncertainties 

dependent on influencing parameters and 

determination methods.  

4.2.2 Objective 

Offshore wind turbines operate in a 

complex unsteady flow environment which 

causes fluctuating aerodynamic loads. 

Unsteady flow environments are by 

definition characterized by a high degree 

of uncertainty. In addition, manufacturing 

tolerances and material imperfections also 

cause uncertainties in the design process.  

The rotor blades of wind turbines are long, 

slender, and flexible structures and future 

rotor blades will tend to become even 

longer and more slender. The 

consideration of uncertainties and aero-

elastic phenomena becomes increasingly 

important with regard to fatigue strength of 

these structures and overall performance 

of OWTs. 

In order to consider uncertainties in the 

design phase of OWTs, probabilistic 

design methods can be used. The 

objective is to determine the effect of wind 

field parameters on extreme and fatigue 

loads of an offshore wind turbine. The 

probabilities of failure due to fatigue loads 

in the blade root are estimated and a 

modeling approach for geometric and 

structural uncertainties of rotor blades is 

developed. 

Extreme hydrodynamic loads on OWTs 

result principally from breaking waves, 

which cause severe impact on offshore 

structures and induce singular stresses as 

well as vibration and therefore discrete 

degradation of the support structure. For 

an efficient design of OWTs dominant and 

significant sea state parameters as well as 

wave-breaking probabilities must be 

considered, which influencing factors vary 

strongly in the natural sea state 

environment. In a first step, design wave 

heights and occurrence of wave trains in 

the North Sea have been analyzed on the 

basis of statistical analysis of extreme 

events. They serve as input parameters for 

the subsequent two-dimensional labora-

tory and numerical experiments, which 

analyzed the wave-breaking probability to 

quantify its scatter. Factors considered 

here are the significant wave height, peak 

period, water depth, record length, and the 

random phase angle distribution. 

4.2.3 Approach (TFD) 

In the IEC standards 61400-1 [2.2] and -3 

[2.3], several Design Load Cases (DLC) 

are defined for Offshore Wind Turbines 

(OWT). In the present study, the focus is 

on the turbine response in an operating 

state, DLC 1.1 and DLC 1.2 in particular. 

Both are defined for normal operation 

conditions between the cut-in and cut-out 

wind speed (vin ≤ v ≤ vout), and are used to 

analyze extreme loads (DLC 1.1) and 

fatigue loads (DLC 1.2). 
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The wind speed measurements at the 

FINO 1 research platform are analyzed in 

order to investigate the effect of site-

specific wind field parameters in com-

parison to requirements given in the IEC 

standard. Based on this analysis, 3D 

turbulent stochastic wind fields are 

generated, and the response of an OWT 

model is then computed with aeroelastic 

simulation software.  

The analysis of the results is focused on 

the edgewise and flapwise blade root 

bending moments. The fatigue loads are 

analyzed by means of the damage-

equivalent load-range approach while the 

extreme loads are determined by means 

of two statistical extrapolation methods: a 

Peak Over Threshold (POT) extrapolation 

method, and a method based on Average 

Conditional Exceedance Rates (ACER). A 

First Order Reliability Method (FORM) and 

a Monte Carlo Simulation (MCS) are used 

to estimate the failure probability.  

In order to investigate the effect of varia-

tions of material and/or geometric prop-

erties a Latin hypercube sampling is per-

formed. Due to the fact that the cross-

sectional parameters of the rotor blades 

do not vary independently from each 

other, a spatial random field approach is 

used. 

4.2.4 Results (TFD) 

Analysis of FINO 1 wind speed 
measurements 

For the design of wind turbines as well as 

for the calculations of the loads and the 

power output, the wind profile and the 

turbulence intensity are of special interest. 

In the standards IEC 61400-1 [2.2] and 

IEC 61400-3 [2.3], the wind profile can be 

described, by the so called power law 

profile: 

          
 

    
 

 

 (2.1) 

with mean horizontal wind speed      at 

height   above the ground (here: 40 m), 

mean horizontal wind speed      at hub 

height      (here: 90 m), and wind shear 

exponent  . The IEC standards], [2.3] 

recommend that a wind shear exponent of 

0.14. For DLC 1.1 and 1.2 the Normal 

Turbulence Model (NTM) has to be used 

for aeroelastic load simulations. In both 

IEC standards, the turbulence intensity    

is defined as the standard deviation    of 

the horizontal wind speed related to the 

mean wind speed  : 

   
  

 
 (2.2) 

For the rotor and nacelle assembly of 

OWT the standard deviation of the 

horizontal wind speed is defined as [2.2] 

                         (2.3) 

For the support structure, the offshore 

turbulence intensity is defined based on an 

approximation of the 90% percentile of the 

standard deviation of the horizontal wind 

speed [2.3]: 

     
    

           
              

     
(2.4) 

where    is the surface roughness length 

and     is the average turbulence intensity 

at hub height at 15 m/s wind speed (here: 

0.12). The surface roughness length    

has to be solved iteratively with the 

following equation [2.3]: 

   
  

 
 

      

           
 
 

 (2.5) 

   is the Charnock parameter with 

         for open sea,   is the von-

Karman parameter with       and   is 

the acceleration of gravity.  

In order to allow a comparison taking into 

account site-specific wind field param-

eters, the wind speed measurements of 

the FINO 1 offshore research platform 

were analyzed for the period between 
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January 2004 and December 2010. The 

investigation was based on 10 min mean 

wind data from the FINO 1 cup 

anemometers at 90 m height. Due to wind 

direction fluctuations, the given standard 

deviation of the cup anemometers is not 

exactly the standard deviation of the 

horizontal wind speed, though close to it 

[2.36]. In order to calculate the 90th 

percentiles of the turbulence intensities, 

the FINO 1 data was subdivided into 1 m/s 

wind speed bins. In Figure 2.1 the 

measured 90th percentile turbulence 

intensity is compared with the proposed 

turbulence intensity in the IEC standard 

61400-3 [2.3]. ‘IEC C onshore’ denotes the 

normal turbulence model which can be 

used for the design of the rotor and 

nacelle assembly, while ‘IEC C offshore’ 

denotes the turbulence conditions for the 

design of the support structure. For both 

relations, a reference turbulence intensity 

          was used in accordance with 

the IEC standard. Except in cases of wind 

speeds lower than 4 m/s, the measured 

turbulence intensities lie below the IEC-

values.  

The wind shear exponent at the FINO 1 

platform was calculated for two cases by 

means of rearranging Equation (2.1). First, 

only the mean horizontal wind speeds on 

two different heights were considered. 

These are the hub height of the OWT 

model (        ) and a height near the 

lower end of the rotor plane (     ). 

Second, a nonlinear regression over all 

cup anemometers from 33 m to 100 m 

height was performed. The hub height of 

the OWT model is the reference height 

and a Levenberg-Marquardt algorithm was 

used for the regression ensuring more 

robust wind speed exponents. In the first 

case, the measured mean wind shear 

exponent is α = 0.09 and in the second 

case it is α = 0.138, which is close to the 

recommended value (      ) in the IEC 

standard [2.21]. However, both cases are 

strongly dependent on wind speed (see 

Figure 2.2). Further discussions are given 

in [2.15]. 

 

Figure 2.1: 90% percentile of the 

measured turbulence intensity depending 

on wind speed at 90 m height [2.15] 

 

Figure 2.2: Mean value of the measured 

wind shear exponent depending on wind 

speed [2.15] 

Aeroelastic load simulations 

The NREL 5 MW reference wind turbine 

model [2.22] was used to investigate the 

effect of the turbulence intensity and wind 

shear on the loads of an OWT. The OWT 

model has a rotor diameter of 126 m and a 

hub height of 90 m. It is a pitch-regulated 

turbine which can operate at variable 

speed. The rated wind speed is 11.4 m/s, 

and the maximum rotor speed is 12.1 m/s. 

For the aeroelastic simulations three 

dimensional stochastic wind fields were 

generated by means of TurbSim [2.21]. 

Between cut-in wind speed vin=3 m/s and 

cut-out wind speed vout=25 m/s, wind fields 

with 12 different mean wind speeds 

(3 m/s, 5 m/s,..., 25 m/s) for each with 30 

different random seeds were created. The 

aeroelastic design code FAST [2.23] was 

used for the load simulations. The 

simulation time is 660 sec including 60 sec 

run-in time. There are two different 
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variations based on the wind shear 

exponent analysis of the FINO 1 data. In 

the following, the first one is denoted as 

‘FINO 1 V1’ and the second as ‘FINO 1 

V2’. Further information about the simu-

lation set up is given in [2.15]. 

 

Figure 2.3: Mean value of the damage-

equivalent flapwise bending moment [2.15] 

Fatigue loads 

The fatigue loads were analyzed by 

means of the damage-equivalent load-

range approach. For the time series, 

rainflow counting was used to determine 

the amplitudes    and the corresponding 

number of load cycles   . Based on the 

IEC standard 61400-13 [2.4], the damage-

equivalent load is defined as 

     
   

     

   
 

   

 (2.6) 

where   is the Wöhler curve exponent 

and     is the equivalent number of load 

cycles. The damage-equivalent flapwise 

and edgewise bending moments at the 

blade root were calculated with      

and         for each 10 min time series. 

This results in an equivalent frequency of 

1 Hz. The edgewise bending moment is 

mainly caused by gravity forces and less 

by turbulence intensity and wind shear. In 

contrast to this, there are significant 

differences in flapwise bending moments 

caused by the wind fields based on the 

IEC standard and the FINO 1 data. As an 

example, the mean values of the damage-

equivalent flapwise bending moments of 

30 simulations are shown in Figure 2.3. 

Furthermore, it is shown that the bending 

moments are more affected by turbulence 

intensity than by the wind shear exponent 

[2.15]. 

Extreme loads 

The IEC standards [2.2], [2.3] require the 

determination by statistical extrapolation of 

extreme loads in an operating state with a 

recurrence period of 50 years. Ernst and 

Seume [2.15] use a Peak Over Threshold 

extrapolation (POT) method, which is also 

recommended by the IEC standards [2.2], 

[2.3], and a method based on Average 

Conditional Exceedance Rates (ACER). In 

case of the POT method, the threshold is 

the mean value plus 1.4 times the 

standard deviation (      ). The aggre-

gation of the peaks uses the "aggregation 

before fitting" procedure and a three pa-

rameter Weibull distribution is used to fit 

the local distributions. The ACER method 

is a novel extrapolation method, which 

was developed by Naess [2.27] and 

Gaidai [2.26]. In order to determine the 

extreme loads on wind turbines it was 

already applied in [2.35]. To ensure that 

the extracted peaks are independent, the 

independency is tested by Blum's test [2.9] 

and the sample correlation coefficient. For 

more background information refer to 

[2.15]. 

The characteristic extreme loads obtained 

by the POT method are generally larger 

than with the ACER method. Furthermore, 

the characteristic of the long-term 

exceedance distributions differ significantly 

(compare Figure 2.4 and Figure 2.5) due 

to differences of the POT and ACER 

methods themselves, as well as the 

different distribution functions used. In 

[2.15] it is shown that the data fits of the 

POT method are worse in comparison to 

fits of the ACER method. Due to this, it is 

assumed that the characteristic loads 

obtained by means of the ACER method 

are more plausible. However, in both 

cases the simulations based on the IEC 

standards yield higher characteristic loads 

when compared to simulations based on 
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the FINO 1 data. Based on the existing 

simulation database, an extensive 

parameter study was performed in terms 

of the short-term distribution function, the 

optimal threshold, the number of extracted 

peaks, and the number of required 

simulation time series [2.24]. It was shown 

that 30 simulations for each mean wind 

speed are sufficient for the POT and 

ACER method. 

 

Figure 2.4: Long-term exceedance 

probability distribution of the blade root 

flapwise bending moment calculated by 

means of the POT method [2.15] 

 

Figure 2.5: Long-term exceedance 

probability distribution of the blade root 

flapwise bending moment calculated by 

means of the ACER method [2.15] 

Probability of failure 

In order to calculate the failure probability 

of the rotor blades due to fatigue loads in 

DLC 1.2, the limit state function is defined 

as 

              . (2.7) 

The resistance R(x) and the load S(x) 

depend on a vector of stochastic 

parameters x (wind speed, turbulence, 

wind shear, fatigue strength …). If the load 

S(x) is larger than the resistance R(x), or 

Z(x) < 0, the component fails. The 

probability of failure is then defined as 

                    

      

 (2.8) 

where f(x) is the probability density 

function (cf. [2.37]). The integral can be 

calculated by means of a Monte Carlo 

Simulation (MCS) or with the First Order 

Reliability Method (FORM). 

According to [2.37], the dimension of 

moments (Nm) and the approach of 

damage-equivalent loads for T = 20 years 

life were used in the present study for both 

the resistance R, as well as the load S. 

Formally R and S may be functions of all 

components of x. To simplify, more natural 

dependencies were assumed. The fatigue 

resistance is defined without a specific 

section modulus (see [2.37]): 

      

          
                  . 

(2.9) 

The parameter q0 takes into account the 

variation in fatigue strength due to load 

sequence effects, xdim describes the 

variation in material dimensions, and xΔσA 

is the parameter for the variation in 

constant amplitude fatigue strength. 

Simulations were performed for 11 wind 

speeds (4, 6, …, 24 m/s), each with 10 

different random seeds in order to 

determine the average characteristic load 

Savg(xchar). In doing so, the characteristic 

site conditions (Uavg, TI15, α) were fixed 

and chosen based on the wind turbine 

class I C according to [2.2] and the FINO 1 
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measurement data. The load S(x) 

depends on the average wind speed Uavg, 

the Weibull shape parameter b, the 

turbulence intensity TI, the wind shear 

exponent α, the air density ρ, and the yaw 

error Y: 

                        . (2.10) 

In contrast to the previous analysis of the 

fatigue loads (see Equation (2.6) and 

Figure 2.3), here a modified definition of 

the damage-equivalent loads was used, 

which takes the mean load level into 

account: 

      
  

   
 

 
  

  
   

   

 

 

 

   

 (2.11) 

Rmi is the mean load level of the amplitude 

Ri and UTL is the ultimate tensile load. For 

further information refer to [2.37], [2.19]. 

The life time damage-equivalent load can 

then be calculated as follows 

   

  
 

     
                    

   

 (2.12) 

here neq,L is the life time number of load 

cycles, the probability of the load cases is 

described by the probability of wind 

speeds p(u), and nT is the number of short 

time periods in the total life time [2.34].  

In the present study a First Order 

Reliability Method (FORM) and a Monte 

Carlo Simulation (MCS) were used to 

estimate the failure probability. For both 

methods many realizations/variations of 

the stochastic vectors xS and xR have to be 

simulated. In case of the site-specific wind 

parameters in xS, for each realization 

several aeroelastic simulations are 

required. Here, a Latin Hypercube 

Sampling (LHS) was performed to 

determine the effect of xS on the loads. 

The uncertain parameters used in this 

investigation are listed in Table 2.1. 50 

samples were created for each wind 

speed bin, resulting in 550 generated wind 

fields and aeroelastic simulations. Based 

on these simulations, 1 million data sets 

were created randomly to calculate the life 

time damage-equivalent load Leq. In 

Table 2.2, the resulting mean values and 

standard deviations of the life time 

damage-equivalent flapwise bending 

moment at the blade root are given for 

‘IEC C onshore’ and ‘FINO 1 V2’. 

Table 2.1: Overview of the uncertain 

parameters used the in the calculations;  

* limit is set to +/- 4° 

Parameter Dist. Mean Std. CoV 

xS 

Uavg [m/s] N IEC C,  

 

FINO 1 

V2 

 0.05 

b N  0.015 

TI N  0.1 

α  N  0.1 

ρ [kg/m
3
] N 1.225  0.1 

Y [ °]  N* 0 1  

xR 

q0 LN 1  0.1 

xΔσA LN 1.163  0.07 

xdim N 1  0.05 

Table 2.2: Life time damage-equivalent 

flapwise bending moment Leq,flap 

 Mean Std 

IEC C onshore 4452.2 kNm 253.8 kNm 

FINO 1 V2 2958.8 kNm 214.53 kNm 

For the analysis of the limit state function 

(equation 7) the life time damage-

equivalent load Leq was used which was 

assumed to be normally distributed. The 

FORM converges after 64 and 56 design 

evaluations of the limit state equation, 

respectively. For the MCS 10000 design 

evaluations are performed. The resulting 

life time failure probabilities of the blade 

root in flapwise direction are given in 

Table 2.3. For the calculation based on the 

‘IEC C onshore’ data, the failure 

probabilities are in the same order of 

magnitude. If the site-specific wind speed 

data ‘FINO 1 V2’ is considered, the failure 

probability is significantly lower. In case of 

the MCS, the 10000 design evaluations 
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are not sufficient to estimate the failure 

probability. 

The estimated failure probabilities for the 

‘IEC C onshore’ conditions are also of the 

same order of magnitude as the standard 

calculation given in [2.37]. In order to 

reduce the simulation effort [2.37] as well 

as [2.17] used response surfaces with first 

and second order polynomials to 

approximate the loads S(x). In doing so, 

the results highly depend on the quality of 

the approximation model. However, in the 

present investigations the estimated failure 

probabilities highly depend on the quality 

of the fitted load distribution. Due to this, 

the absolute failure probabilities should be 

considered with caution and should be 

used only for relative comparisons. In 

future work, each design should be 

evaluated by means of a series of 

aeroelastic simulations. 

Table 2.3: Lifetime failure probability of the 

blade root in flapwise direction 

 FORM MCS 

IEC C onshore 3.1∙10
-4

 4.9∙10
-4

 

FINO 1 V2 9.3∙10
-8

 0 

Effect of airfoil geometry variations 

Geometric variations in rotor blades can 

arise from manufacturing tolerances and 

operational wear. In order to investigate 

the effect of airfoil geometry variations on 

the lift and drag coefficients as well as the 

loads and the performance of an OWT, a 

Latin hypercube sampling was used to 

vary characteristic parameters simulta-

neously. These parameters are the 

maximum thickness t, the location of the 

maximum thickness xt, the maximum 

camber w, the location of the maximum 

camber xw, and the trailing edge thickness 

tTE (see Figure 2.6). 

All parameters are normalized with respect 

to the chord length and varied relatively 

with respect to the corresponding 

parameter of the baseline geometry. Aside 

from the variation of the trailing edge 

thickness, all variations are described by a 

truncated normal distribution with a mean 

value of 0% and a standard deviation of 

10%. The lower and upper limits are set to 

+/- 5%, respectively. The trailing edge 

thickness is very small and therefore also 

relative changes of +/- 5% would be 

negligible. Due to this, a standard 

deviation of 66.67% is assumed and the 

lower and upper limits are set to +/- 100%. 

For all the airfoils of the 5 MW OWT, the 

lift and drag coefficients were calculated 

by means of the panel code XFOIL [2.11], 

and the load and performance simulations 

were performed with FAST [2.23]. 

The variations in the airfoil geometry lead 

to a significant scatter of the lift and drag 

coefficients (see for example Figure 2.7), 

which also affects the damage-equivalent 

flapwise bending moments. In contrast, 

the effects on the power and the annual 

energy production are almost negligible 

with regard to the assumptions made. 

 

Figure 2.6: Geometry parameters of the 

DU25 profile [2.12] 

 

Figure 2.7: Lift coefficients of the varied 

DU25 profile geometries [2.12] 

Structural uncertainty of rotor blades 

Structural uncertainties can arise due to 

imperfections in the composite materials, 

which can be caused by variations of the 

fiber and matrix material properties, or the 
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fiber volume ratio etc., or due to tolerances 

in the non-automated manufacturing 

process. In order to investigate the effect 

of structural uncertainties on the full-

system mode shapes and natural 

frequencies of an OWT, the distributed 

blade mass density (BMassDen), cross-

sectional flapwise (FlpStff) and edgewise 

stiffness (EdgStff) were varied relatively 

with respect to the corresponding baseline 

parameters (cf. Figure 2.8). The relative 

variations are described by a normal 

distribution (μ = 0%, σ = 10%) and the 

relative parameter variations were created 

simultaneously by means of a Latin 

hypercube sampling. It is assumed that 

the three parameters are independent 

from each other. However, there is a 

spatial dependency of the cross-sectional 

parameters along the blade radius 

(length). In order to investigate this, three 

different types of spatial variations were 

examined. First, it is assumed that the 

relative variations are uniformly distributed 

along the blade. Second, it is assumed 

that the parameters of a cross-section vary 

independently from other cross-sections. 

Third, it is assumed that the variations of 

the structural parameters are spatially 

correlated. 

 

Figure 2.8: Blade mass density and cross-

sectional stiffness parameters of the 5 MW 

OWT model [2.14] (data based on [2.21]) 

The variations of the spatially correlated 

structural properties were modeled by a 

random field approach. The dependency 

structure between the random field values 

at different locations is described by the 

covariance matrix, which is based on an 

inverse-exponential correlation function 

with three different correlation lengths b: 

10%, 50%, and 100% of the total blade 

length L. Finally, the random fields were 

created by means of the Karhunen-Loeve 

expansion which uses a spectral 

representation of the random field [2.16]. 

In the case of a spatially uniform variation, 

the structural parameters are varied 

constantly along the rotor blade length. 

The spatially independent variation leads 

to completely random variations along the 

blade length, causing local extreme 

fluctuations. These local fluctuations are 

damped if spatially correlated parameters 

are assumed. In case of a small 

correlation length, the correlation function 

quickly tends to zero and the spatial 

random field is weakly correlated. For an 

increasing correlation length, the 

correlation increases and the variations 

along the blade become smoother, see 

e.g. [2.14], [2.13].  

In order to investigate the effect of these 

structural parameter variations on the 

eigenfrequencies of the rotor blade and 

the full-system natural frequencies of the 

OWT model, a tool chain/simulation 

process was developed based on 

MATLAB, BModes [2.7], and FAST [2.23].  

BModes uses a finite-element approach to 

calculate the mode shapes and 

eigenfrequencies of the rotor blade. The 

resulting scatter (coefficient of variation - 

COV) of the eigenfrequencies in the first 

three blade modes at standstill (without 

rotation), caused by the different types of 

spatial parameter variations, is shown in 

Figure 2.9. It can be seen that the highest 

COV is caused by the spatially uniform 

variation of the blade parameters, while 

the spatially independent variation leads to 

the lowest COV. In this case, the effect of 

local variances can be compensated for, 

which leads to minimal variations in the 

eigenfrequencies. In terms of spatially 

correlated parameter variations an 

increasing correlation length leads to an 

increasing COV. This behavior can also be 
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observed in the natural frequencies of the 

rotor modes. For a correlation length 

b = 0.1L, the COV is approximately an 

average of the two extremes, i.e. the 

spatially uniform and spatially independent 

variations. Based on this, b = 0.1L seems 

to be a reasonable assumption on which 

to base subsequent studies. 

 

Figure 2.9: Coefficient of variation of the 

blade eigenfrequencies at standstill [2.14] 

For the design of the OWT it is necessary 

to consider aeroelastic effects on the 

entire structure, because the drivetrain 

and tower-nacelle subsystem of an OWT 

are not solely affected by the vibration of a 

single blade, instead these components 

“feel” the modes of the entire rotor. In 

order to determine the system natural 

frequencies of the OWT model, the 

aeroelastic code FAST [2.23] was used to 

create the linearized state-space model, 

then a multi-blade coordinate trans-

formation was performed to capture the 

cumulative dynamics of all blades in a 

fixed (non-rotating) frame of reference 

[2.8]. The system natural frequencies and 

mode shapes were then calculated by 

means of eigenanalysis. 

The OWT model is a variable speed wind 

turbine. Due to this, the effect of structural 

uncertainty had to be investigated for 

different rotational speeds. Figure 2.10 

shows the Campbell diagram with the first 

11 modes. The grey shaded regions 

indicate the inter-quantile range containing 

the middle 95% of all values. It is shown 

that the effect on the tower modes (mode 

1 and 2) is very small, but there is a high 

frequency scatter of the rotor modes. The 

variation of the blade structural 

parameters also affects the drivetrain 

torsional mode (mode 3), which can lead 

to an increased risk of resonance with the 

3P harmonics of the rotational speed. 

 

Figure 2.10: Campbell diagram of the 

OWT model [2.13] 

4.2.5 Approach (FI) 

Several authors have investigated the 

statistical properties of wave-breaking by 

different approaches: the experimental 

methods with field or controlled laboratory 

measurements (with contact or remote-

sensing measurements), numerical 

simulations, or analytical methods. For a 

convenient overview see [2.5] and [2.28]. 

To investigate the wave-breaking prob-

ability, a criterion to define the breaking 

onset of a wave crest has to be chosen. 

Furthermore, for an efficient testing and 

analysis, an automatable method to detect 

wave-breaking has to be developed. 

Common wave-breaking criteria are: 

geometric criterion (wave steepness, ratio 

of wave height to wave length), kinematic 

criterion (ratio particle velocity to phase 

velocity), and dynamic criterion (ratio 

downward particle acceleration to gravity). 

Based on the wave-breaking criteria and 

which phase of the breaking process shall 

be analyzed, the detection method has to 

be chosen.  

Analysis of FINO 1 data 

As mentioned in the objective, firstly, the 

sea state data at FINO 1 have been 

analyzed to extract the required input 

parameters for the subsequent laboratory 
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and numerical experiments. Results can 

be found in [2.29] and in [2.30]. The FINO 

1 data have been analyzed on the basis of 

statistical analysis of extreme events to 

determine the design wave and design 

wave height according to [2.1]. To 

investigate the sensitivity of the deter-

mination process, the sampling method 

and the distribution functions for extreme 

waves have been varied. Used sampling 

methods have been: peaks-over-threshold 

and n-days maxima method. The latter 

method is a modified version of the annual 

maxima method with shorter time spans 

than a year to increase the sample size. 

Used distribution functions have been: 

Gumbel (extreme value distribution type I), 

Weibull and Gamma. 

Detection of wave-breaking 

To conduct the experiments efficiently, a 

detection method has been searched 

which determines automatically the 

number of wave-breaking in a test. For 

this, two detection methods have been 

compared with each other: a remote-

sensing, optical method, and an analytical 

method. 

Remote-sensing, optical method 

For the remote-sensing method, a video-

imagery based system has been 

developed to detect automatically 

whitecaps in videos taken in a laboratory 

environment. Whitecaps are here defined 

as a breaking wave. Several aspects need 

to be considered: starting with the used 

cameras, their configuration and 

calibration aspects, illumination, and other 

environmental influences. There are a few 

image-processing techniques for detection 

of whitecap coverage which basically all 

work on grayscale-images and the 

application of thresholds, see [2.32], [2.33] 

and [2.25]. 

The advantages of remote-sensing 

methods are: no interference with the test 

area, and spatial measurement of a large 

area. The disadvantages of the method 

are: high sensitivity to environmental 

influences, and a limitation on the 

exclusive detection of whitecapping (which 

is an already developed breaker and not 

the breaking onset). 

Analytical method 

Because of those disadvantages of the 

optical method, an analytical detection 

method based on the analysis of time 

series of water surface elevations has 

been tested. Due to the complex and 

intermittent nature of wave-breaking, the 

theoretical techniques found in literature 

are often semi-empirical and use a time-

frequency analysis technique, like the 

Hilbert transform, to identify wave-breaking 

in a time series. Griffin et al. generated 

breaking waves of varying intensity and 

used the phase time method, which is 

based on the Hilbert transform, to 

determine the location of breaking, see 

[2.18]. They showed that steep, non-

breaking waves have a nearly constant 

instantaneous frequency. The instan-

taneous frequency increases when a 

breaking wave approaches the breaking 

point. More details to these methods, 

especially to the Hilbert transform, may be 

found in [2.5] and [2.20]. Furthermore, 

geometrical parameters like steepness, 

crest-front and –rear steepness, 

skewness, and asymmetry are considered 

and their evolution towards the breaking 

onset point is investigated. 

Scatter of wave-breaking probability 

Physical model tests 

To investigate the sensitivity of wave-

breaking probability to the input conditions, 

model tests were carried out in the wave 

flume of the Franzius-Institute (WKS) with 

its overall dimensions of 110 m length, 

2.2 m width and 2.0 m height. The piston 

type wave maker is hydraulically driven 

and capable of generating regular and 

irregular waves with wave heights up to 

0.35 m while using a stroke of up to 

±0.30 m by a water depth of up to 1.2 m. 

In the rear part of the flume, a beach is 

installed as a passive wave absorber in 

order to minimize reflections. For the tests, 

the water surface elevation were
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Figure 2.11: Sketch of the experimental setup in the WKS wave flume. Top: side view of 

setup. Bottom: top view of setup. wg: wave gauge

measured using eight capacitive type 

wave gauges installed along the flume 

and covering a testing area of 45 m. As 

additional measurement equipment, three 

video cameras were installed to record 

the tests and to determine the wave-

breaking in post-processing. A sketch of 

the test setup is given in Figure 2.11. 

The cameras 1 and 2 were installed with 

such a viewing direction, so that they 

faced wave gauges WG2 to WG7, see 

Figure 2.12 and Figure 2.13, and camera 

3 faced WG1 and the wave paddle. 

 

Figure 2.12: View direction of video 

camera 1 in the WKS wave flume 

Wave gauge WG1 was used to determine 

the incident wave spectrum. The position 

of testing area in the flume is a 

compromise between minimal distance to 

the wave maker (at least 5 times maximum 

wave length) and maximum distance to 

the beach (to avoid wave reflections in the 

testing area). 

 

Figure 2.13: View direction of video 

camera 2 in the WKS wave flume 

Test program and procedure 

The test program meets the condition for 

intermediate water and is carried out in a 

length scale of 1:40, which is a 

compromise between possible wave 

generation and possible water depths. 
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After the wave gauges and the video 

cameras were installed, the flume was 

filled to still water level. 

A test program with 15 tests were com-

piled, see Table 2.4. As a spectrum, a 

narrow-band JONSWAP spectrum with 

enhancement factor γ = 3.3 were used. By 

means of the random phase angle φ, the 

sea spectrum is transformed to a water 

surface elevation time series by linear 

superposition of a number of sinusoidal 

wave components with different fre-

quencies and phases. Five sets of random 

phase angle distributions (uniformly 

distributed between 0 and 2π) have been 

generated before the tests and stored. 

That way, the wave spectrum, charac-

terized with significant wave height HS and 

peak period TP, could be transformed 

repeatedly to time domain and resulting in 

the same wave train every time with the 

same sequence of individual waves. 

Table 2.4: Compilation of conducted 

model tests 

# 
d 

[m] 

Tp  

[s] 

HS 

[m] 
nw φ 

1 0.7 1.7 0.200 50 a 

2 0.7 1.7 0.200 50 a 

3 0.7 1.7 0.200 50 b 

4 0.7 1.7 0.200 50 b 

5 0.7 1.7 0.200 50 a 

6 0.7 1.7 0.200 50 c 

7 0.7 1.7 0.225 50 a 

8 0.7 1.7 0.250 50 a 

9 0.7 1.7 0.200 50 d 

10 0.7 1.7 0.200 50 e 

11 0.7 1.9 0.200 50 a 

12 0.7 2.2 0.200 50 a 

13 0.7 1.7 0.200 100 a 

14 0.7 1.7 0.200 100 a 

15 0.8 1.7 0.200 50 a 

This means, test number 1, 2 and 5, test 

number 3 and 4, and test number 13 and 

14 are the same wave trains, because the 

have the respective same input param-

eters. 

Those retests were done, to analyze the 

reproducibility of the wave trains and 

number of breaking waves accordingly. 

Due to the wave period and therefore the 

phase velocity, record length was limited 

to max. 100 waves to avoid wave 

reflection in the testing area. 

During each test run, all wave gauges and 

video cameras were continuously 

collecting data. The wave gauges have an 

analog output system (voltage outputs) 

and the data were sampled by a HBM 

analog-digital converter in digital form. For 

data storage, the HBM sampling and 

control software catmanEasy was used 

and Mathworks Matlab was used for post-

processing. 

A waiting time of at least 10-15 min 

between each test, ensured no remaining 

oscillations in the flume, thus no inter-

ference, from the previous test run. 

Numerical model tests 

As mentioned above, the record length of 

the physical model tests was limited to 

max. 100 waves to avoid wave reflections 

in the testing area. Such a short test run 

and the necessary waiting time between 

each test, are a major disadvantage of the 

physical model tests. Therefore, numerical 

model tests using the fully nonlinear 

potential flow theory developed in [2.31] 

have been conducted to increase the 

possible test run length. The Fortran code 

is a Semi-Arbitary Lagrangian and 

Eulerian finite element method (SALE-

FEM), hereinafter referred to as the 

numerical wave tank. An important 

restriction of this numerical wave tank is, 

that the simulation terminates when the 

water surface gets discontinuous. This 

means, the numerical wave tank cannot 

simulate the breaking process of a wave, 

but terminates at the breaking onset. It is 

thus not possible to determine the 
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frequency of wave-breaking with this 

numerical wave tank, but to determine the 

time to breaking onset and the distance to 

breaking onset. This limitation of the 

numerical wave tank is accepted here, 

because the advantages over the physical 

model tests, namely longer test runs and 

faster execution of tests, outweigh the 

disadvantages. Within this final report, 

solely a small part of the results of the 

numerical simulations can be presented. 

More extended work will be part of a future 

doctoral thesis. 

4.2.6 Results (FI) 

Plausibility and reproducibility 

In a first step, the test runs were analyzed 

in regard to plausibility (comparison of 

target value and actual value) and 

reproducibility (comparison of retests).  

The analysis of plausibility shows a mean 

deviation of 3.5 % for the significant wave 

height HS and a mean deviation of 1.8 % 

for the peak period TP. Please note, that 

the actual measured significant wave 

height were determined in frequency 

domain with Fast Fourier Transform (FFT). 

The mean deviations are small and the 

targeted wave parameters are generated. 

The analysis of reproducibility shows a 

mean coefficient of determination of 

R = 0.998 for test runs 1,2 and 5 and 

R = 0.997 for test runs 3 and 4.  

 

Figure 2.14: Reproducibility of test serie 

with HS  = 0.2 m, TP = 1.7 s, d = 0.7 m and 

phase angle distribution "a" 

Figure 2.14 shows exemplary the first 

20 sec of the time series with HS = 0.2 m 

and phase angle distribution “a”.  

The analysis shows that the time series 

can be reproduced very well and therefore 

the resulting numbers of breaking waves 

are reliable.  

Influence of wave height and random 
phase angle distribution 

In a second step, the number of breaking 

waves was determined by re-watching the 

video camera data. The observed 

breakers were classified in “spilling 

breaker” and “whitecapping”. In Table 2.5, 

the results for test number 1 to 10 for the 

number of breaking waves are compiled 

with their respective time stamp in relation 

to the start of the wave maker.  

Table 2.5: Comparison of different wave-

breaking behavior for tests with different 

wave height and phase angle distribution 

# 
HS  

[m] 

phase 

angle 

Time 

[s] 

breaker 

type 

1 0.200 a 00:47 spilling 

   00:52 whitecap. 

   00:55 whitecap. 

   01:15 spilling 

   01:20 whitecap. 

   01:23 whitecap. 

7 0.225 a 00:47 spilling 

   00:52 whitecap. 

   01:15 spilling 

   01:19 whitecap. 

   01:23 whitecap. 

8 0.250 a 00:48 spilling 

   01:10 whitecap. 

   01:15 spilling 

3 0.200 b 00:55 whitecap. 

   00:59 whitecap. 

6 0.200 c 01:03 whitecap. 

9 0.200 d - 
no 

breaker 

10 0.200 e - 
no 

breaker 
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The results of the retests 2 and 5 are the 

same as for test 1, as well as the results 

for the retest 4 is the same as for test 3; 

the reproducibility is again verified, which 

is why the results for retests 2, 4 and 5 

are not shown in Table 2.5. For direct 

comparison, the results in Table 2.5 are 

sorted by phase angle distribution and 

then significant wave height HS. Although, 

the significant wave height have been 

increased by 25 % in test number 1 to 8, 

the number of spilling breakers and their 

location in time and space did not 

change; solely an altered number of 

whitecaps have been observed. 

Influence of wave period and record 
length 

There was no wave-breaking observed in 

the test area for test number 11 to 15. 

Thus, a slight variation of the wave period 

or the sequence of individual waves 

(change of record length) has a 

significant influence on the wave-breaking 

probability. 

Numerical wave tank results 

A sensitivity test on the input settings of 

the numerical wave tank resulted in an 

optimized setting configuration with a 

compromise between accuracy and 

simulation run time. The quality and 

accuracy of the numerical wave tank have 

been investigated extensively in [2.31]. 
The test runs in Table 2.5 have been 

repeated, and additional simulations with 

more varying phase angle distributions 

(thus varying sequences of waves) have 

been simulated. Results for the time to 

breaking onset tbr are presented in 

Figure 2.15 and results for the distance to 

breaking onset xbr are presented in 

Figure 2.16.  

When considering all simulated test, the 

mean value for tbr is 15.4 s and for xbr is 

25.4 m (distance from the wave maker). 

When considering only the first five test, 

which have been also carried out in the 

physical experiments, the mean value for 

tbr is 15.1 s and for xbr is 24.3 m; thus 

slightly lower (approx. 2 % for tbr and 

approx. 5 % for xbr) than for the larger 

sample size.  

 

Figure 2.15: Time to breaking onset for 

different wave train realizations of the 

same sea spectrum. The first five tests 

correspond to test number 1, 3, 6, 9 and 

10 (black markers) 

 

Figure 2.16: Distance to breaking onset for 

different wave train realizations of the 

same sea spectrum. The first five tests 

correspond to test number 1, 3, 6, 9 and 

10 (black markers) 

The question is: How many test runs have 

to be considered to determine a confident 

mean value for tbr and xbr? To answer this 

question, the arithmetic mean has been 

calculated for an gradually increasing 

number of considered test runs, see 

Figure 2.17. It can be concluded, that for 

this investigated sea spectrum, a minimum 

sample size of approx. 75 test runs 

(correspond to approx. 3750 single waves) 

is necessary to determine a confident 

mean value for tbr and xbr. Further 



Work packages 

 

 P a g e |  4 3  

investigations for varying sea spectra have 

to be carried out. 

 

Figure 2.17: Arithmetic mean for tbr and xbr 

for a gradually increasing number of 

considered test runs 

Detection of wave-breaking by means 
of local, nonlinear parameters 

In order to detect analytically wave-

breaking in a time series, the wave train 

modulation over time is analyzed by 

means of local (instantaneous) and 

geometrical parameters for every wave in 

the sequence. The selection of param-

eters is mainly a combination of the 

parameters used in [2.6], [2.10] and 

[2.18], see Table 2.6. The definitions of 

the geometrical wave parameters can be 

found in Figure 2.18.  

 

Figure 2.18: Definitions of wave 

parameter. Wave travels with phase speed 

C from right to left 

An exemplary time series with a breaking 

wave and its corresponding local and 

geometrical parameters is shown in 

Figure 2.19. A spilling breaker occurs at 

the wave gauge at approx. 61.5 s. For this 

breaker, it can be observed that the 

frequency, and the crest-front and -rear 

steepness increases instantly at the 

moment of wave-breaking and drops 

afterwards. 

Furthermore, the wave gauge measured 

also the fine ripples of the water surface 

after a breaker; the instantaneous fre-

quency, which can be defined as the rate 

of change of the phase of the (analytical) 

signal, captured these ripples as a high 

oscillation. Therefore, the time derivation 

of f(t) is plotted to illustrate this 

phenomenon. It is a good attribute to 

separate the peaks of f(t) caused by wave-

breaking, from the peaks caused by 

mathematical artefacts due to the 

calculation method of the Hilbert 

transform. 

Table 2.6: Geometrical and instantaneous 

parameters 

Parameter Equation 

Wave steepness 
 

 
 

Crest-fronst steepness   
    

  
 

Crest-rear steepness   
    

  
 

Frequency of a single 

wave 
   

Skewness    
    

    
   

Asymmetry    
  

  
   

Instantaneous 

frequency 
     

Time derivation of 

instantaneous 

frequency 
      

     

  
 

The other properties are not conclusive for 

this one breaker, but an analysis for 

breakers in other test runs have been 

shown a good agreement with the 

observations from Babanin et al., see 

[2.6]. 
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Figure 2.19: Exemplary time series with a breaking wave (dotted red line). η: water surface 

elevation. f(t): instantaneous frequency. df(t)/dt: time derivation of f(t). f0: frequency of single 

waves. Sk: skewness. H/L: wave steepness. ε: crest-front steepness. δ: crest-rear 

steepness. As: asymmetry

Special care has to be taken when 

comparing these results with the work of 

Babanin et al.: In contrast to a random 

wave train (JONSWAP spectra), Babanin 

et al. generated steep monochromatic 

waves and measured the exact breaking 

onset. In the test runs here, it was not 

always possible to measure the exact 

breaking onset, because the spatial point 

of breaking varied due to the random 

nature of the wave trains of the JONSWAP 

spectra. 

4.2.7 Conclusion 

The wind speed measurements of the 

FINO 1 offshore research platform were 

analyzed based on the 10-min-mean wind 

data of the cup anemometers. Aside from 

low wind speeds, the measured turbulence 

intensities are lower compared to the 

values in the IEC standards. In order to 

yield robust results, the wind shear 

exponent was determined based on a 

nonlinear regression over all cup 

anemometers at the different heights. The 

measured mean wind shear exponent is 

very similar compared to the recom-

mended value in the IEC standards. 

However, a strong dependency on wind 

speed was observed in the measured 

data.  

Aeroelastic simulations were performed on 

the basis of standard and site-specific 

wind field parameters. The simulations 

based on the requirements for the design 

of the support structure and also on the 

site-specific wind field parameters, yield 

both significantly lower fatigue and less 

extreme loads compared to the IEC 

recommendations for the rotor design 

during normal power production. The life 

time probability of failure due to blade root 

fatigue loads were estimated by means of 

FORM and MCS. It was shown that the 

site-specific failure probabilities are 

significantly lower compared to calcu-
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lations based on the IEC standard. 

Clearly, the requirements in the IEC 

standard 61400-3 seem to be very 

conservative for rotor blade design. 

The investigations into geometric uncer-

tainties show that variations of the airfoil 

geometry lead to a significant scatter of 

the lift and drag coefficients, therefore 

affecting the rotor blade loads. 

Contrastingly, the effects on the power 

and the annual energy production are 

almost negligible with regard to the 

assumptions made. 

The effect of structural uncertainties in 

rotor blades (modeled by a spatial random 

field approach) on the full-system mode 

shapes and natural frequencies was 

investigated. The results show a 

significant scatter of the natural fre-

quencies of the rotor modes and the 

torsional drivetrain mode, which can lead 

to an increased risk of resonance with the 

3P harmonics of the rotational speed. 

In the frame of the hydrodynamic analysis 

the following conclusions can be drawn 

from the set of test runs in the 

experimental and numerical wave tank:  

Firstly, the initial steepness of the sea 

spectrum has a great influence on the 

number of breaking waves in the time 

series, whereby the change of the peak 

period TP has a greater influence than the 

change of the significant wave height HS. 

Secondly, the randomness of the phase 

angle distribution, and thereby the 

randomness of the wave sequence in the 

time series, has a significant influence on 

the number of breaking waves; different 

realizations of the same energy density 

spectra in time domain did not produce 

the same numbers of breaking waves in 

the experiments. There might be two 

reasons for that: Either the record length 

were too short (50 – 100 waves) or an 

exemplary time series cannot represent 

all possible time series from one sea 

spectrum. Therefore, a first set of 

numerical simulations have been 

conducted, which resulted in the following 

conclusion so far: for the investigated sea 

spectrum, a minimum sample size of 

approx. 75 test runs (correspond to 

approx. 3750 single waves) is necessary 

to determine a stable mean value for the 

time to breaking onset tbr and the distance 

to breaking onset xbr. Further 

investigations for varying sea spectra will 

be part of a future doctoral thesis. The 

development of an analytical detection 

method to find wave-breaking in a time 

series showed, that not a single 

parameter, but a combination of param-

eters are required to detect a wave 

breaking in a time series. Most promising 

so far is a combination of minimum 

surface elevation, instantaneous fre-

quency (and its derivations), and crest-

front steepness. The introduction of an 

enhanced wave-steepness parameter will 

be part of a future doctoral thesis. 
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4.3 Soil (WP 3) 

Institute for Geotechnical Engineering 

Martin Achmus, Kirill Schmoor 

4.3.1 Abstract 

Within a geotechnical design procedure 

uncertainties due to environmental im-

pacts and variable soil properties had to 

be taken into account. Usually this is done 

by applying partial safety factors for the 

action and the resistance, where the 

established safety remains unknown. 

By performing reliability based design it is 

possible to relate the deterministic design 

in terms of applied partial safety factors to 

a failure probability or safety, respectively. 

In this Work Package first uncertainty 

sources within a reliability based design 

were quantified and different approaches 

to establish a subsoil model were shown. 

In addition results from reliability based 

design studies regarding axially and 

laterally loaded Offshore Wind Turbine 

(OWT) foundation piles were presented. 

4.3.2 Objective 

In the near future several offshore wind 

farms are planned to be installed in the 

German North Sea. 

For moderate water depths (up to 30m) 

monopile foundations were seen to be 

suitable to transfer the environmental 

load into the subsoil. By facing higher 

water depths Tripod, Tripile or Jacket 

support structures were used. Thereby 

the acting load is beared mainly by skin 

friction of the almost axially loaded 

foundation piles. 

Uncertainties within the design of these 

foundation piles are usually taken into 

account by applying partial safety factors 

for the load and resistance. This 

procedure is known in the literature as the 

Load Resistance Factor Design (LRFD). 

According to the Eurocode 0 [3.5] the 

LRFD belongs to the Level 1 Reliability 

Based Design method and should 

establish a certain safety level in a system 

as a function of prescribed damage fault 

classes. 

However, the established safety in terms 

of a failure probability cannot be proved 

within the LRFD. Also the magnitude of 

uncertainty sources is not captured by the 

LRFD, where this issue strongly affects 

the safety of a system. 

By applying a full reliability design method 

(or Level 3 Reliability Based Design 

method) like a Monte Carlo Simulation 

(MCS) the impact of uncertainties towards 

the safety and design can be evaluated in 

a more proper way. 

The aim of this work package is to quantify 

uncertainties and model procedures 

regarding geotechnical reliability based 

design as well as to determine the impact 

on the LRFD for axially and lateral loaded 

offshore foundation piles. 

4.3.3 Approach 

Quantifying uncertainties 

Figure 3.1 elucidates a geotechnical 

reliability based design procedure. Therein 

several sources of uncertainties had to be 

taken into account. 

To define a design subsoil, uncertainties 

regarding the estimation of required soil 

properties had to be included. These 

uncertainties which affect the distribution 

of the resistance are defined as follows: 

Spatial Variability: Due to genesis of the 

soil there is a significant heterogeneity and 

therefore a spatial variability of soil 

properties. These uncertainties are speci-

fied by the “spatial variability”. By modeling 

a certain soil domain especially the 

autocorrelation structure has an impact on 

the soil property distribution. 

Measurement Error: Uncertainties which 

results from in situ measurement errors or 

from laboratory tests are covered by 

“measurement errors”. These errors 

mainly arise from measurement equipment 

or from different operating conditions. 
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Statistical Estimation Error: Mostly there is 

only limited information available about the 

in situ soil properties. By establishing 

statistical parameters from these data 

uncertainties result due to approximation 

errors. However, this error can be 

decreased with increasing data. 

Transformation Error: Within the design 

process it is often necessary to transform 

one parameter to obtain the required one, 

like the calculation of the mobilized friction 

angle (  ) from the cone penetration test 

(  ). These uncertainties which result from 

a transformation process are specified by 

the “transformation error”. 

To proceed a reliability based design also 

load uncertainties as well as a design 

calculation model error had to be 

specified. Both sources have a huge 

impact on the investigated results. 

Load Uncertainty: Since OWT are 

exposed to offshore environmental forces 

a large variation in the resulting impact 

can be expected. Therefore it is important 

to quantify the loading conditions in a 

more proper way. 

Design calculation model error: The 

calculation of a mechanical system is 

usually done with an approximated 

system, since in many cases simpli-

fications due to a lack of knowledge had to 

be implied. Therefore large divergences 

comparing to real in situ systems may 

result. However, this uncertainty can also 

be reduced by taking into account the 

corresponding model error for the applied 

calculation method. A model error can be 

obtained by comparing calculated to 

measured results. From several re-

searches it could be identified that the 

model error has at least as much or even 

more influence on the results as 

uncertainties regarding to the subsoil. 

Table 3.1 summarizes for different soil 

 

Figure 3.1: Scheme of a geotechnical reliability based design 

 

Scheme of a geotechnical reliability based design 

Table 3.1: Range of COV for common soil properties [3.4],[3.5],[3.6] 

 Soil Property 

     

Spatial Variability 

COV [%] 

     

Measurment 

Error COV [%] 

Transformation 

Error SD [°] 

     

Total COV 

[%] 

Cohesionless 

soil 

                      

    (from   )                        

                     

                         

Cohesive 

soil 

                         

    (from   )                         

                       

                       

                     

                         

  , effective friction angle;   , effective unit weight;   , CPT tip resistance;   , cohesion;   , undrained 

shear strength 

Table 1: Range of COV for common soil properties [4],[5],[6] 
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parameters and uncertainty sources the 

common ranges for the Coefficient of 

Variation (COV). 

More detailed information regarding cer-

tain values for soil properties can be found 

in [3.10], [3.13], [3.14]. 

Subsoil model 

Certain model approaches exist to 

establish a stochastic subsoil model. 

Using only a single random variable to 

represent a certain subsoil input 

parameter leads to a rather rough 

approximation regarding a specified 

domain. Thereby the output variable is 

usually stronger affected, which results in 

a larger variation. 

A more detailed approach to take account 

of random soil properties can be done by 

applying a random autocorrelated field. 

Thereby a soil property can be described 

in a spatial region according to Eq. (3.1): 

               (3.1) 

in which   is the soil property,   is a trend 

function,   is a fluctuating component 

and              specifies the spatial 

position. In most cases      can be 

modeled as a stationary (or homo-

geneous) and isotropic random field 

[3.15]. Due to stationarity the probability 

density function of a soil property is 

independent of spatial position, it 

depends only on the relative position. 

This implies that the mean and 

covariance of the random field are 

constant in space. Isotropic behavior 

implies that the random field is invariant 

due to axis rotation. Hence, two points 

affect each other only by their relative 

distance between them and not by their 

relative orientation to each other. 

By taking the “measurement error”       

into account the ground model       is 

described by Eq. (3.2). By applying a 

transformation function        with the 

“transformation error”   the final design 

ground model       can be obtained from 

Eq. (3.3). 

 

                (3.2) 

                 (3.3) 

As a result of geological and environ-

mental processes it can be expected that 

soil properties of two points, which are 

close together, are more similar comparing 

to two points which are more separated to 

each other. This could be covered by 

modeling the random field as a correlated 

random field with a specified correlation 

length  . The determination of the corre-

lation length is in fact complicated. 

However, it generally arises that the 

horizontal correlation length is much larger 

than the vertical one. In Figure 3.2 two 

typical correlation functions of the distance 

between two points    for a correlation 

length         are shown. Uncertainty 

due to variation of the correlation length 

should also be taken into account for 

performing reliability analyses. 

More detailed information concerning the 

establishing of a suitable subsoil model is 

given in the Annual Report 2010 of this 

research project.  

 

Figure 3.2: Correlation functions 

Simplified soil model 

The implementation of an autocorrelated 

field leads to high computational effort, 

since a more complex soil structure has to 

be adopted. 

However, regarding the modeling of the 

bearing capacity for mainly axially loaded 

offshore foundation piles a simplified 

approach is presented in the following. 

Therein the resistance distribution results 
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from an autocorrelated field, which can be 

modeled directly as a single random 

variable for two soil densities (        

and        ) as a function of the 

deterministic pile properties like the 

diameter and the embedded pile length. 

Therefore pile diameters from       

    and embedded pile length from 

             were investigated. 

 

Figure 3.3: Related mean value as 

function of the embedded pile length for all 

diameters 

 

Figure 3.4: COV of the resistance as 

function of the embedded pile length for all 

diameters 

The applied soil model for the performed 

study mainly bases on a 1-D auto-

correlated field for the cone tip resistance. 

Therefore a constant inherent variability 

      for a CPT profile was modeled 

every       with a constant standard 

deviation of        , where an auto-

correlation length of         with an 

exponential autocorrelation function was 

chosen. In addition the unit weight   , the 

measurement error for the cone tip 

resistance       and the transformation 

error for the internal friction angle        

were modelled as uncorrelated and normal 

distributed random fields with typical 

values for the mean and standard 

deviation. 

Figure 3.3 elucidates the mean values of 

the resulting distributions in comparison to 

the deterministic computed ones by 

assuming no variability. As it can be seen 

a small dependency with the embedded 

pile length can be noticed. Also the COVs 

for the pile resistances show a correlation 

to the embedded pile length as can be 

noticed from Figure 3.4 With increasing 

pile length the variation in the resistance is 

decreasing. 

 

Figure 3.5: Standard normal Q-Q plot of 

the pile resistances with       and 

     

By comparing the quintile values of a 

normal distribution with the obtained ones 

(Q-Q plot), it could be determined that for 

dense soil conditions a Gaussian 

distribution for the pile resistance can be 

assumed, since the observed values 

almost corresponds to the theoretical 

ones. For very dense soil conditions it 

could be recognized that the resistance 

more probably does not follow a normal 

distribution. However, a normal distributed 

resistance also for very dense sand seems 

to be the best estimate distribution type. 
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More detailed information regarding the 

proposed model approach is given in the 

Annual Report 2012. 

4.3.4 Results 

Laterally loaded offshore foundation 
piles 

Monopile foundations are primary laterally 

loaded and transfer their acting load via 

bedding into the subsoil. Typical distri-

butions of the horizontal stresses due to a 

loading event can be seen in Figure 3.6. 

 

Figure 3.6: Elucidation of effect and 

resistance forces 

Therefore the Ultimate Limit State (ULS) is 

defined acc. EC 7 [3.6] and DIN 1054 [3.4] 

in combination with the “EA-Pfähle” [3.3] in 

terms of the ratio of the resulting horizontal 

force and the spatial ground resistance as 

shown in Eq. (3.4). 

                
   

         

     
   

    
  (3.4) 

Where: 

   Partial safety factor for loading 

     Partial safety factor for resistances 

     Resultant horizontal force  

 (characteristic) 

     
   

 Spatial ground resistance  

 (characteristic) 

As a first indicating study the failure 

probability of a deterministic proofed 

monopile system was investigated within a 

reliability based design regarding the ULS 

acc. to Eq. (3.4). 

Thereby typical North Sea soil conditions 

in terms of a non cohesive homogeneous 

dense sand layer were assumed. Hence, a 

friction angle of        and a buoyant 

unit weight of             were applied. 

Also typical loading conditions with a 

horizontal force of         in 

combination with a moment arm of 

approximately          were 

considered. 

Regarding to the defined soil properties 

and loading conditions, first a pile design 

had to be specified which closely fulfils the 

ULS design proof. For the calculation of 

the monopile system and the resulting 

horizontal force      the well known p-y 

method acc. to [3.2] was used, 

respectively. Therein non linear p-y 

springs substitute the lateral bedding 

reaction of the subsoil along the 

embedded pile. The spatial ground 

resistance      
   

 was calculated acc. to 

DIN 4085. 

By choosing a pile length of       , a 

diameter of      and a pile wall 

thickness of        , a valid pile design 

was obtained. 

Regarding the probabilistic design, these 

pile properties were applied as 

deterministic variables. The friction angle 

and the buoyant unit weight were 

modelled as single random variables, 

where the friction angle was assumed as 

lognormal distributed with a varying COV 

of           and the buyout unit weight 

as normal distributed with a constant COV 

of     . The horizontal load was modelled 

acc. to the recommendation of [3.8]. 

Thereby, a gumbel distribution with a COV 

of           was applied. 

The failure probability was calculated by 

performing a plain MCS with       

realisations. By assuming a target 

reliability index        with the 

corresponding failure probability of 

         -  the accuracy of the 
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estimated reliability can be specified to 

          . 

The resulting distributions for      and 

     
   

 are shown in Figure 3.7 as a function 

of the applied COV for the load. 

The calculated reliability index for the ULS 

is shown in Table 3. 2, where     specify 

the number of failed systems. Usually the 

failure probability or target safety is 

declared in terms of the reliability index 

acc. to Eq. (3.5), respectively. 

 

Figure 3.7: Empirical response distri-

butions of    and    
   

 with            

Regarding to the annex in the EC 0, a 

target reliability index of       should be 

established in a system which was design 

acc. to the LRFD with prescribed partial 

safety factors. 

Evidently a higher reliability index except 

for the highest COV of the internal friction 

angle and load was obtained. Keeping in 

mind that a conservative model approach 

was used and that for OWT also a target 

reliability of       is suitable, it can be 

concluded that in this case the design 

leads to very safe conditions. 

 pf  11  (3.5) 

Where: 

Θ
 

Cumulative standard distribution 

pf  Failure probability 

In addition to the calculated safety also 

sensitivity values were obtained. 

Sensitivity values or  -values indicate how 

an output variable is influenced by an input 

variable.   -values just emphasize the 

more important input variables in 

comparison to each other. 

 

Figure 3.8: Sensitivity values for the safety 

with            and             

Figure 3.8 elucidates the outcome for the 

ULS design proof. Hence, it can be 

noticed that the resistance parameters (   

and   ) have almost the same impact on 

the ULS as the action variables (  and  ), 

where the pile head moment   appears to 

have the most dominant impact. Thus also 

more effort should be investigated in 

quantifying loading variability. 

More detailed information concerning the 

performed study is given in the annual 

report 2011. 

Regarding a complete design of monopiles 

also the Serviceability Limit State (SLS) 

had to be fulfilled. Often the SLS is design 

driving compared to the ULS. Thereby the 
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SLS can be ensured if the accumulated 

plastic (or permanent) pile head rotation 

       does not exceed a certain specified 

value      acc. to Eq. (3.6). Therein the 

cyclic increase in the pile head rotation 

had to be taken into account by a cyclic 

increase factor. Further the elastic portion 

of the total rotation had to be subtracted.  

However, several pile designs are possible 

which fulfill the defined limit state in  

Eq. (3.6). Hence, a study towards an 

optimized pile design in terms of pile 

properties like the embedded pile length 

and diameter was conducted, where an 

optimization regarding to the minimum pile 

mass was aspired. 

            (3.6) 

Where: 

                          

Accumulated plastic head rotation 

       Head rotation due to 1 cycle 

       Cyclic increase factor 

        Elastic head rotation due to 1 cycle 

The cyclic increase factor was derived 

from the Stiffness Degradation Method 

introduced by Kuo (2005) [3.12], which 

mainly based on numerical calculations.  

      
            

      

     
         

   (3.7) 

Where: 

               Pile embedded length (in m) 

                Horizontal load (in kN) 

             Moment arm (in m) 

   Pile diameter (in m) 

            Buoyant effective unit weight 

                Parameters from Table 3.3 

 
For the investigated study also the loading 

conditions had to be adapted within the 

optimization process, since changes in pile 

properties like the pile diameter almost 

lead to variation in the current considered 

action. In this study a horizontal load of 

       was applied to a diameter of 

     . In addition also an increase of 

     was considered with an increase of 

    in the diameter.  

Figure 3.9 shows the obtained 

slenderness ratios as function of a 

dimensionless coefficient, which was 

introduced to achieve a suitable 

regression as a function of the specified 

limit pile head rotation     , horizontal load 

 , moment arm  , pile diameter   and 

embedded pile length  . 

As it can be seen slenderness ratios were 

obtained in a range of approximately 

       . 

 

Figure 3.9: Optimized slenderness ratios 

as function of dimensionless coefficient 

Axially loaded offshore foundation piles  

By facing water depths higher then 

approximately 30 m, Tripod, Tripile or 

Jacket support structures were seen as 

more suitable to install an OWT.  Thereby 

foundation piles were used to transfer the 

acting load mainly via shaft friction and in 

case of compression also via the tip 

resistance into the ground. 

A comprehensive study was performed to 

validate the prescribed partial safety 

factors for mainly axially loaded foundation 

piles. Therefore a reliability based design 

for two common soil profiles corre-

sponding to typical North Sea conditions 

and two design methods, the API-method 

Table 3.3: Regression parameters acc. to 

Kuo (2008) [3.12] 

Number of cycles N A B 

100 1.361 1.331 

1000 1.427 1.639 

10000 1.505 1.981 
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and the ICP-method, was conducted. 

Thereby a calibration of partial safety 

factors was carried out to match the safety 

requirements of the EC 0 more specifi-

cally. 

Generally it can be observed that in almost 

all design cases the tension limit state is 

the controlling one with regard to the 

required pile length. Hence, only the ULS 

tensile capacity is considered, where the 

limit state function is presented as follows. 

RkLk RV    (3.8) 

Where: 

   Characteristic load 

    Partial safety factor for the loading 

    Characteristic resistance 

    Partial safety factor for the resistance 

The calculation of the resistance was done 

by applying the API-method as well as the 

simplified ICP-method acc. to [3.1], [3.11]. 

Basically the resistance acc. to the API-

method strongly depends on the assumed 

density profile, where the resistance of the 

ICP-method is more influenced by the 

Cone Penetration Test (CPT) measure-

ments. 

 

Figure 3.10: Considered pile system 

Figure 3.10 shows the considered system. 

Therefore a pile design with a diameter of 

     , a pile wall thickness of         

and a various pile length of           

was considered. Regarding the soil 

conditions, two CTP profiles with constant 

densities, namely dense (       ) and 

very dense (       ) in combination with 

a buoyant unit weight of             

were applied. A characteristic load of 

        was assumed, which corre-

sponds to a water depth of     . The 

distribution of the axial pile resistance was 

basically obtained by simulating and 

evaluating various CPT profiles. Thereby 

each CPT profile was modeled as an 

autocorrelated field, where the two 

assumed CPT profiles were used as trend 

functions. 

A normal distributed constant standard 

deviation of         was applied as 

inherent variability. In addition the auto-

correlation structure was established by 

assuming an exponential function with an 

autocorrelation length of          . A 

normal distributed measurement error with 

a COV of 0.15 was added as well. The 

axial load was applied as gumbel 

distributed with a COV of 0.35 acc. to 

Holicky et al. (2007) [3.9]. 

As already mentioned above a model error 

has a significant influence on the outcome 

result. Hence, a model error can be deter-

mined by comparing measured properties 

with calculated ones. Achmus & Müller 

(2010) [3.7] compared measured with 

calculated results for the API and the ICP-

method only with pile tests which are 

closely related to the boundary conditions 

in the North Sea. Therefore the following 

pile tests were considered: Open-ended 

piles, tension test, steel piles, dense to 

very dense soil state and slenderness 

ratios between 10 and 40. By taking into 

account only pile tests within a range of 

95% confidence interval, only 6 pile test 

for the ICP-method and only 4 pile tests 

for the API-method could be evaluated. 

The mean and standard deviations for 

these related tests are summarized in 

Table 3.4 and should be seen as rough 

approximations of the real values. Since 

only a few pile tests exist it is difficult to 

define a distribution type. Nevertheless, a 

normal distribution was assumed for the 

model error. 
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The determination of the failure probability 

was done by applying a plain MCS with 

      simulations. 

Figure 3.11 elucidates for both 

investigated methods the resulting safety 

in terms of the reliability index as function 

of the embedded pile length. Thereby also 

the required depths from the deterministic  

 

 

Figure 3.11: Evaluated safety with 

increasing pile length 

 

 

 

 

 

 

 

design with the corresponding product of 

the partial safety factors (         ) is 

added. In addition also the corresponding 

product of partial safety factors for the 

desired target reliability index of       is 

shown. 

By performing reliability based design the 

same safety can be aspired as also more 

information, like a model error, can be 

taken into account within the design 

process. This leads to a more robust  

 

Figure 3.12: Evaluated safety vs. the 

product of partial safety factors 

determination of the required pile length. 

Therefore Table 3.5 summarizes the 

separation for different design procedures. 

As it can be seen the gap between the 

obtained pile lengths via reliability based 

design is decreased about 47 % for dense 

and 41 % for very dense soil conditions. 

Also a link between the deterministic 

design and reliability based design can be 

obtained. Figure 3.12 shows the product of 

partial safety factors (    ) versus the 

established safety within the design for 

both methods as well as both densities. It 

should be emphasized that only the 

product of partial safety factors affects the 

failure probability. Therefore each partial 

safety factor may vary a lot while the 

Table 3.4: Model error (Rm / Rc) for the ICP-method and API-method 

       Mean [-] SD [-] COV [-] 

Achmus & 

Müller (2010) [1] 

ICP-method, only related tests 1.16 0.19 0.16 

API-method, only related tests 1.26 0.14 0.11 

 

Table 3.5: Comparison of the separation of 

required pile lengths for different designs 

 ΔL  

(Dr = 0.75) 

ΔL 

(Dr = 0.93) 

For deterministic design 5.94 14.95 

For reliability β = 3.8 3.12 8.77 
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product of both stays constant. As it also 

can be noticed the deterministic result is 

almost independent of the density. 

Therefore approximately a product of 

partial safety factors           for the 

ICP-method and           for the API-

method should be used within a 

deterministic design to reach the target 

reliability index acc. to EC 0 of      . 

More detailed information regarding the 

performed study is given in the annual 

report 2013. 
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4.4 Foundation and Support 

Structure (WP 4) 

Institute for Steel Construction 

Peter Schaumann, Sebastian Kelma 

Institute of Structural Analysis 

Raimund Rolfes, Jan Goretzka 

Institute of Concrete Construction 

Boso Schmidt, Michael Hansen 

4.4.1 Abstract 

Within work package 4, advanced design 

and optimization of support structures for 

offshore wind turbines are evaluated with 

respect to the probabilistic safety 

concept. Therefore, design relevant limit 

states are identified. Uncertainties as well 

as scattering of action effects and 

resistances are considered by applying 

probabilistic methods. 

Measurement-based offshore data are 

analysed in order to estimate relevant 

design parameters for offshore wind 

turbines. For the probabilistic design, 

models of offshore wind turbines are set 

up in finite-element software. Probabilistic 

design of the ultimate axial-load bearing 

capacity for foundation piles is carried out 

in cooperation with work package 3 "Soil". 

The dynamic behaviour of an offshore 

wind turbine with monopile substructure is 

examined, taking probabilistic influences 

of various model input parameters into 

account. Probabilistic fatigue design is 

applied on joints of a jacket substructure. 

4.4.2 Objectives 

Within work package 4 (WP 4), relevant 

failure types are identified and analysed 

for different support structures of offshore 

wind turbines (OWTs). Therefore, the 

exceeding of the underlying limit state for 

both semi-probabilistic as well as 

probabilistic safety concept was consid-

ered. Limit states of the semi-probabilistic 

safety concept as stated in standards for 

OWTs (e.g. [4.2], [4.9], [4.7]) are to be 

adapted for the probabilistic design. 

For the probabilistic design, stochastical 

descriptions of both action effects and 

resistances are required. Based on 

offshore data obtained from the measure-

ment platform FINO 1, design parameters 

are to be identified. Models of support 

structures are set up in finite-elements 

software to calculate and evaluate the 

dynamic response of OWTs. Probabilistic 

modelling of soil properties is carried out 

in accordance with WP 3 "Soil". 

Considering fatigue design, fatigue loads 

are determined and scattering of fatigue 

resistance is evaluated. 

Probabilities of failure are determined 

within the probabilistic reliability assess-

ment of OWTs. For this purpose, suitable 

methods such as the Monte-Carlo 

simulation are applied. 

Applying the methods described in this 

report for the probabilistic safety concept, 

economic optimization of the structural 

design of OWTs can be performed.  

Investigations are carried out on OWTs 

with monopile and jacket substructures, 

(cf. Figure 4.1). These types of sub-

structures are the most used and most 

relevant substructures installed in the 

German Exclusive Economic Zone [4.36]. 

 

Figure 4.1: OWT with monopile sub-

structure (left) and jacket substructure 

(right) 

 

mudline

MSL

mudline
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4.4.3 Approach 

Introduction / Probabilistic approach 

The approval process of OWTs within the 

German Exclusive Economic Zone is 

regulated within the standard "Design of 

Offshore Wind Turbines" [4.2], published 

by the Federal Maritime and 

Hydrographic Agency (BSH). Here, 

regulations for all phases of the life time 

such as design, transportation, 

installation etc. are stated. For the 

structural design of OWTs, the standard 

refers to different national and 

international guidelines for both action 

effects and resistance. 

These standards are based on the semi-

probabilistic safety concept. Here, char-

acteristic values for effects    and 

resistance    are determined for specific 

design load cases (DLCs) as stated in 

standards. For OWTs, the DLCs are 

given in e.g. [4.9]. In order to cover 

uncertainties and scatter of these 

characteristic values, design values are 

calculated by multiplying the 

characteristic values with partial safety 

factors  . The values of the partial safety 

factors are also stated in the adequate 

standards. For structural approval of the 

components, the design values of action 

effects of actions must not exceed the 

design values of resistance. The design 

values are set such that the probability of 

failure is as great as allowed by the 

adequate consequence classes. 

      
  

  
 

      

(4.1) 

Scattering of action effects and resistance 

as well as the corresponding 

characteristic and design values for 

action effects and resistance are shown in 

Figure 4.2. 

 

Figure 4.2: Probabilities of effects and 

resistances as well as the associated 

characteristic and design values 

When using the probabilistic safety 

concept, scattering of action effects and 

resistance are taken into account by their 

probability density function    and   . To 

fulfil the proof of safety, the probability that 

the effect   is greater than the resistance 

  must not exceed a predefined value for 

the probability of failure   , 

                   (4.2) 

where    is the probability density function 

of the limit state      . In general, the 

values for probability of failure    lie 

between 10-4 and 10-3 for OWTs. The 

standard DNV-OS-J101 [4.4] recommends 

a value of 10-4. However, recent research 

results suggest a value of about 2.0.10-4 to 

1.0.10-3 [4.38]. 

In comparison to the structural design 

based on the semi-probabilistic safety 

concept, no DLCs are not used within the 

probabilistic design of OWTs. Instead of 

DLCs, all possible environmental and 

operational states are to be considered. 

Certain scenarios might be eliminated for 

the further design. 

Also, sufficient accuracy of the underlying 

distribution functions for both action effects 

and resistance has to be ensured. In case 

that this is not possible, the scattering of 

possible errors due to e.g. modelling shall 

be considered as well. 
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Effects and actions 

Environmental conditions of OWT in-

fluence significantly the results of probabil-

istic calculations because they are subject 

to large variations. Wind and wave loads 

have great uncertainties. In order to 

assure correct input parameters for the 

probabilistic design, the applied statistical 

parameters of these loads are determined 

with their measured natural scatter. 

Therefore, available measurement data in 

particular from the FINO 1 measurement 

platform were analysed. In order to obtain 

reliable statistical data and to capture 

seasonal fluctuations, data of FINO 1 

within the period 2004/01/01 – 2011/01/01 

were analysed. 

Extreme events were investigated like they 

are listed for example in load case 

DLC 6.1c [4.9]. In this context, the wind 

speed and wave height at the FINO 1 

measurement platform were evaluated. A 

general description of the measuring 

device of the FINO 1 platform can be 

found in [4.27]. For the mentioned period, 

10-min averages of wind speed exist for 

eight different heights starting at 33 m up 

to 100 m. In the extreme value analysis 

different reference periods were 

considered. Within the investigations 6-

hour up to 4-week extreme values were 

used and the resulting quantiles were 

compared. The most reliable results have 

been achieved using extreme values with 

large reference periods, provided a 

sufficient number of measurements. About 

90 4-week extreme values were 

determined for each of these measuring 

heights.  

The distribution functions and statistical 

parameters were determined for the 10 

min mean values and extreme values. 

Hereby, different reference periods of wind 

speed are used. 

Parameters of the statistical distribution of 

4-week extreme values were determined 

for each of the eight measurement 

heights. Due to the long measurement 

period and height resolution an analysis of 

the extreme wind profile is possible. In 

guidelines such as [4.9] [4.7] [4.4], the 

reference wind speed is an important input 

parameter for the determination of the 

wind profile and wind loads in general. The 

GL [4.7] defines the reference wind speed 

as an extreme wind speed at hub height 

with a return period of 50 years. This wind 

speed is equivalent to the 98 %-quantile 

for a period of one year, cf. eq. (4.3). 

  
 

        
      (4.3) 

Within these investigations, the distribution 

function       was determined for a 

Gumbel distribution (extreme-value distri-

bution type 1 for maximum values), see 

eq. (4.4). 

                           (4.4) 

The parameters of the distribution are: 

  
 

       

 (4.5) 

    
        

 
 (4.6) 

with mean value   and standard deviation 

     of the chosen distribution. 

For the Gumbel distribution       of a 

parameter  , the shape of the distribution 

function is independent of the reference 

period because the standard deviation is 

constant also for different periods. A 

modified reference period leads to a 

parallel shift of the distribution function 

       , cf. eq. (4.7) – (4.9). Every year 

    13 4-week extreme-values are 

available. 

                                
 

  

                  

                           
(4.7) 

                          

               
     

 
 (4.8) 
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 (4.9) 

where   and   are the location parameter 

and the scale parameter of the Gumbel 

distribution, respectively. The charac-

teristic value for a return period of 50 

years can be calculated using eq. (4.7) 

with                . Alternatively, the 

determination of quantiles can be per-

formed by using linear regression analysis. 

The results of both procedures agree very 

well.  

Similar to the evaluation of wind speeds, 

also significant and extreme wave heights 

at the site of FINO 1 measurement 

platform were investigated. For the 

observation period mentioned above, 30-

min values of significant wave heights are 

available. 30-min values of extreme wave 

height are available for the period from 

January 2004 until mid-February 2006. 

The analysis of wave data has shown that 

even 1-week extreme values of wave 

height can be described by a Gumbel 

distribution. 1-week extreme values were 

chosen to ensure a sufficient number of 

extreme values. According to the extra-

polation of extreme values mentioned 

before, the characteristic wave height with 

a return period of 50 years was 

determined, see section 4.1.4. 

Wave-induced loads depend on various 

parameters. Therefore, some assumptions 

have been made for the load simulations. 

First of all, static analyses were carried 

out. Therein increasing loads due to 

dynamic system response were not 

considered. Due to the stiffness of the 

jacket and its transparency to waves this 

approach is acceptable, cf. [4.37]. The 

connection between significant wave 

height    and maximum wave height      

was assumed to eq. (4.10) according to 

valid guidelines, cf. [4.9] [4.7] [4.4]. The 

significant wave height is defined as four 

times the standard deviation of the 

underlying wave spectrum, cf. e.g. [4.7]. 

This is roughly the mean value of the 1/3 

highest waves. 

             (4.10) 

In addition to the wave height, the wave 

period   affects the wave load. In 

guidelines such as [4.9] [4.7] [4.4] a period 

range   depending on significant wave 

height    is proposed according to eq. 

(4.11), 

                      (4.11) 

with gravitational acceleration  . Within 

this research project, the holistic 

investigation of the whole construction 

leads to some assumptions: For example, 

only the minimum wave period is 

considered. In case of static analysis, 

maximum loads are usually obtained with 

the minimum wave period as the lower 

bound of eq. (4.11). The simulations are to 

be performed with a stream function 11th 

order [4.17] whereby all wave heights and 

periods were covered, cf. [4.9] Figure C.1.  

The measured data from the FINO 1 

platform are only valid for this site with a 

local water depth of 28 m. For different 

water depth they have to be adapted. 

Thus, within performed probabilistic 

calculations at OC4 jacket for a planned 

water depth of 50 m these parameters 

were modified.  

An procedure to adapt the significant wave 

height is given in the Shore Protection 

Manual [4.16]. Equations given there are 

used to predict sea conditions depending 

on wind speed, fetch length and wind 

duration. So-called fetch diagrams 

illustrate these parameters for deep- and 

shallow water. Deep- and shallow water 

are defined by the ratio of water depth   

and wave length  :  

Deep water:   
 

 
     

(4.12) 

Shallow water:   
 

 
     

(4.13) 
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The prediction method for shallow water 

was considered because the adaption 

was carried out in the context of extreme-

value considerations with wave length of 

more than 200 m, cf. eq. (4.14) – (4.16). 

     

  
 

                   
   

  
  

   

 

      
         

   

  
  

            
   

  
   

  

(4.14) 

    

  

                   
   

  
  

   

 

     

 
 
 

 
         

   

  
  

   

            
   

  
  

   

 
 
 
 

 
 

 

(4.15) 

   

  
            

    

  
 

   

 (4.16) 

with 

   : corresponds to   , cf. [4.16] 

  : mean wind speed in the period   at 

10 m height 

 : fetch length 

  : peak period 

 : wind duration 

The influence of water depth can be esti-

mated assuming constant wind conditions, 

i.e. same wind speed and fetch length.  

The extreme wind speed    of duration   
is determined from FINO 1 measurement 

data. The fetch length for the site of the 

FINO 1 measurement platform lies in the 

range of 50 km up to 850 km [4.25] 

depending on wind direction. The variation 

of significant wave height for increasing 

water depth is shown in the following 

section “Results”. 

To verify this very rough and location-

independent estimation, significant wave 

heights in different water depths were 

evaluated at three sites in the German 

Bight. In addition to the measured values 

at FINO 1, data of FINO 3 and North-Sea-

Buoy II (NSB 2) were evaluated.  

FINO 3 was built 2009 in a water depth of 

22 m about 80 km north-west of Sylt. NSB 

2 is located 150 km west of Sylt in 42 m 

water depth. The locations of the 

measurement sites are shown in 

Figure 4.3. The evaluation of FINO 1 and 

NSB 2 measurement data are based on a 

seven-year measurement period. For the 

evaluation of FINO 3 data, only a 

measurement period of four years could 

be used. Therefore, these results are less 

reliable. The approximation of    in deeper 

water based on measurements analyzed 

at different sites is listed in section 4.1.4. 

 

Figure 4.3: Locations of measurement 

platforms FINO 1 and FINO3 and of the 

measurement buoy NSB 2 (image 

adapted, www.bsh.de) 

In addition to scattering loads, the 

correlation between load parameters 

significantly influences the reliability of the 

OWT. For fatigue load simulations and 

structural analysis of various operating 

states conditional input parameter are 

taken from so-called scatter diagrams, cf. 

[4.13]. Though, the correlation of different 
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environmental parameters for frequently 

occurring events is considered.  

Due to measurement periods of up to 10 

years, there is a lack of measurement data 

for extreme events with return periods of 

50 or 100 years. According to common 

regulations such as [4.7], these extreme 

single events shall be modeled conserva-

tively unless a joint probability distribution 

does exist. In the past, there was often a 

lack of adequate data to determine joint 

probability distributions.  

With the measurement data at the location 

of FINO 1, synchronously measured series 

of wind speed, wind direction, wave 

heights, wave periods and wave directions 

for a long measurement time are available. 

Based on a temporal assignment of these 

data, first investigations of simultaneously 

occurring extreme wind speed and signify-

cant wave heights have been carried out. 

Resistance 

Until today, support structures of OWTs 

mostly consist of steel components. The 

tower is always designed as a steel 

tubular tower. Contrary to OWTs, onshore 

wind turbines can also be realized as e.g. 

pre-stressed concrete tower. 

For OWTs with piled foundations, the 

substructures are almost exclusively steel 

structures. The piles are made of steel as 

well. Until today, the only solution for 

substructures made of concrete is the 

gravity-based foundation. Due to the great 

dead load and the great foot print, these 

substructures are stable without applying 

piles. 

For the design, characteristic values of 

material properties are defined as a 

certain quantile of the underlying 

probability distribution. Compliance of 

these values has to be ensured by the 

manufacturers. 

Steel 

Main steel components of OWTs are the 

tower, the tubes used for the transition 

piece, and the foundation piles, which are 

either drilled or driven into the seabed. 

Depending on the importance of structural 

member, type of load and stress level, it is 

differentiated between three component 

categories: secondary, primary, and 

special structural members. According to 

[4.7], secondary structural members are 

components of marginal importance to the 

support structure, such as stairs and 

mountings for cables. Whereas, primary 

and special structural members are of 

significant importance to operational safety 

and overall integrity of the structure. 

Special components are exposed to 

extraordinary conditions such as stress 

concentrations or multi-axial stresses due 

to the geometrical shape. 

Beside the component definitions, the 

steel strength can be separated into 

normal steel strength with yield stress up 

to 285 N/mm², higher strength steel with 

yield strength over 285 N/mm² up to 

380 N/mm², and high strength steels with 

a yield strength over 380 N/mm². Due to 

fatigue resistance the yield strength should 

not exceed 355 N/mm². Further infor-

mation on appropriate steel materials con-

cerning structural components are given in 

[4.7]. The type of distribution for yield 

strength and Young`s modulus of steel is 

lognormal as recently stated in [4.39]. The 

values of stochastical parameters such as 

mean value and standard deviation 

depend on the chosen steel strength. 

Usually, scattering of the fatigue 

resistance of steel can be described by a 

lognormal distribution [4.10]. For the semi-

probabilistic fatigue design, the charac-

teristic value of fatigue resistance is 

chosen on basis of the underlying prob-

ability distribution. For example, the 

characteristic value is defined as the 

2.3%-quantile according to [4.5]. However, 

the characteristic value is defined 

differently in other standards.  

Concrete 

The scattering of the concrete 

compressive strength was determined in 

[4.33] with an almost constant standard 

deviation of about 5.0 N/mm2, which is 

approximately independent of the mean 
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compressive strength. However, because 

of more high-grade materials and 

manufacturing methods, today's results 

can be different from the previous 

knowledge. A distinction is made for 

different concrete strength classes in con-

sideration of different production types. 

Statistic parameters for concrete elements 

out of job-mixed concrete at the building 

site, concrete from precast-concrete 

factories as well as precast-concrete units 

are given in e.g. [4.10]. 

Also, the distribution which is used in 

probabilistic analyses has to be described 

accurately. In literature, the Gaussian 

distribution is indicated as the best 

description of measurements for a parent 

population of concrete compressive cube 

strength. This distribution has to be 

converted into a lognormal distribution to 

avoid negative strength values. 

Soil 

Appropriate modeling of the soil properties 

is required for the embedding of piles in 

the soil. Within the work of WP 4, the 

results achieved in WP 3 "Soil" are used. 

Modelling 

The response of OWTs effected by loads 

due to wind, sea state and operation are 

calculated with numerical models. The 

probabilistic behavior of the action effects 

and resistances is evaluated on basis of 

the simulations. 

Modelling of support structures and soil 

Data of dimensions of OWTs, which are 

publicly available, are used to set up the 

models. The wind turbine as well as the 

tower is the NREL 5-MW turbine [4.20] 

which was used in the OC3 project [4.22] 

[4.21]. Within WP 4, monopile sub-

structures and jacket substructures are 

investigated. The models for the 

substructures investigated are described 

in the following. Also, modeling of soil is 

important for an accurate estimation of the 

loads and resistances. The forces and 

moments acting on the OWT are 

transferred into the seabed by the 

foundation piles. The load capacity of and 

the nonlinear properties of the soil layers 

as well as the induced loads are 

dependent on each other. In order to catch 

the scattering of both soil properties and of 

loads acting on the soil, the soil shall be 

modeled numerically.  

Modeling of loads 

In order to determine the loads acting on 

OWTs, the model of the OWT is set-up in 

suitable software. The FE software 

Poseidon [4.15] is used for the calculation 

of loads caused by sea states. Poseidon 

can be coupled with the software 

WaveLoads [4.26], which includes wave 

models to describe the kinematics of water 

particles. WaveLoads includes especially 

nonlinear wave models that consider the 

nonlinearity of Bernoulli's principle for 

modeling of kinematics of water particles, 

cf. [4.19]. Poseidon can also be coupled 

with Flex5, a widely-used software in wind 

industry. By applying the software Flex5, 

the loads induced by the operation of the 

wind turbine as well as the wind-induced 

loads acting on the RNA of the wind 

turbine are calculated.  

Modal and robustness analyses of the 
vibration behavior of an OWT with 
monopile substructure  

One investigation within work package 4 

combined modal and robustness analyses 

of the vibration behavior of an OWT with 

monopile substructure. The monopile 

substructure is still the most common type 

of foundation for OWTs in the industrial 

sector, and was the first support structure 

investigated within WP 4 (cf. [4.29]-[4.31]). 

Modal and robustness analyses were 

carried out in order to predict the influence 

of various input parameters on the 

vibration behavior of the OWT. Considered 

input parameters are material properties, 

geometry of the structure and the 

composition of the soil layer. Soil-pile 

interactions were also implemented within 

the numerical models and presented at the 

8th PhD Seminar on Wind Energy in 

Europe [4.18]. 
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Modeling 

The numerical model of the OWT with 

monopile substructure consists of a tower 

with a two-splitted top mass of 240,000 kg 

for the rotor-nacelle assembly (RNA) and 

110,000 kg for the rotor, as well as a 

monopile substructure including a soil-

dependent foundation (see Figure 4.4). 

Within the modeling scope, a valid design 

basis was defined [4.29] and implemented 

in the finite-element software ANSYS® 

[4.11]. Geometrical data for the 

investigated wind turbine was taken from 

the NREL 5-MW Turbine definition [4.20]. 

The hub height above mean sea level 

(MSL) is 90.55 m, the water depth is 

modified to 28 m in order to fulfill the 

environmental conditions of the German 

North Sea at the location of the FINO 1 

measuring platform. 

 

Figure 4.4: Investigated support structure of 

the OWT with monopile substructure [4.18] 

Table 4.1: Statistical values of input parameters within robustness analysis  

for the vibration behaviour of the OWT with monopole substructure 

 
Input Parameter Symbol Mean Value 

Coefficient 

of Variation 
Distribution Type 

1a water depth Type 1 L_water 28 m 0.1 
TruncNormal 

24.0 – 32.0  

1b water depth Type 2 L_water 28 m 0.04 Normal 

1c water depth Type 3 L_water 28 m 0.08 
Uniform 

24.0 – 32.0  

2 
wall thickness  

tower top 
th_TowTop 0.019 m 0.1 

TruncNormal 

0.0182 – 0.0198 

3 
wall thickness 

tower bottom 
th_TowBot 0.027 m 0.1 

TruncNormal 

0.0269 – 0.0271 

4 
wall thickness  

monopile 
th_Pile 0.060 m 0.1 

TruncNormal 

0.0587 – 0.0613 

5 Young’s modulus Mat_Emod 2.1.1011 N/m2 0.02 LogNormal 

6 Poisson’s ratio Mat_nu 0.3 0.03 LogNormal 

7 specific density of steel Mat_dens 8500 kg/m3 0.01 Normal 

8 internal friction angle Soil_phi 38° 0.15 LogNormal 

9 relative density of sand Soil_Dr 0.8 0.125 Normal 

10 effective unit weigh Soil_gamma 10 kN/m 0.1 Normal 
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Robustness analysis was used to predict 

the influence that each of the scattering 

input parameters has on the natural 

bending frequencies of the support 

structure of the OWT. Relevant geometry 

parameters and material properties were 

also taken into account with their 

statistical values as displayed in 

Table 4.1. The dataset for the material 

properties is taken from international 

reports dealing with probabilistic design of 

wind turbines and other steel 

constructions [4.39] [4.32]. The statistical 

data for the geometrical input variables 

like wall thickness and water depth are 

based on national standards [4.8] [4.3]. 

The statistical dependencies between 

these input parameters and the natural 

bending frequencies of the support 

structure (as output quantities) are carried 

out using the optimizing structural 

language optiSLang® [4.28]. The data for 

this robustness analysis are obtained 

from Latin hypercube sampling 

generating        samples.  

Soil-pile interactions of the foundation 

were modelled with spring and damper 

elements. The spring stiffness depending 

on the soil layer is calculated with a 

software tool developed at the Institute for 

Geotechnical Engineering (Leibniz Uni-

versität Hannover). Therein,  -  curves 

for sand under cyclic loading conditions 

are implemented as defined by the 

American Petroleum Institute [4.1]. The 

soil is modelled as displayed in 

Figure 4.4, consisting of a single sand 

layer for the whole embedment depth. 

The determination of the linear initial 

stiffness within the  -  model is based on 

the effective unit weight   , the angle of 

internal friction    and the relative density 

   of the sand, as well as on the diameter 

of the monopile and the local soil depth. 

The dataset for the soil parameters, shown 

in Table 4.1, was attuned with WP 3.  

The first and second natural bending 

frequencies (in side-to-side as well as in 

fore-and-aft mode) of the support 

structure are shown in Table 4.2. In 

contrast to the investigations within the 

OC3 project [4.21], a water depth of 28 m 

is set (instead of 20 m within the OC3 

project). Also, the foundation is slightly 

different; only one instead of three 

different soil layers is considered.  

Table 4.2: Natural bending frequencies of 

the support structure (in Hz) compared to 

the results in [4.21] 

mode 
PSB-

OWEA 

OC 3  

[4.21] 

1st  fore-and-aft 0.24 0.25 

1st  side-to-side 0.24 0.25 

2nd  fore-and-aft 1.42 1.58 

2nd  side-to-side 1.39 1.65 

Probabilistic approach 

In stochastic analysis, the sample sizes 

as well as the statistical values of the 

input parameters have to been chosen 

very carefully. To explicate this, three 

analyses are carried out with different 

types of distributions for the water depth 

(L_water) in the numerical model of the 

OWT with monopile substructure (see 

Table 4.1 a-c). In the first investigation 

(a), the values of L_water are generated 

by a truncated normal distribution with a 

mean value of 28 m (water depth at FINO 

1) and a coefficient of variation (COV) of 

0.1, whereby only values in the interval of 

24.0 m to 32.0 m below mean see level 

are set, see Figure 4.5. The displayed 

bars in this plot are fitted by a partial 

density function (PDF).  
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Figure 4.5: Histogram of input variable wa-

ter depth (1a, L_water), modelled as trun-

cated normal distribution with COV of 0.1 

 

Figure 4.6: Histogram of input variable wa-

ter depth (1b, L_water), modelled as a sim-

ple normal distribution with COV of 0.04 

In a second analysis (b), a simple normal 

distribution with a COV of 0.04 is set to 

obtain the values of input parameter 

L_water (see Table 4.1, parameter 1b). In 

such a way, at least over 99.8% of the 

random values of L_water within the 

robustness analysis are in the interval of 

24.0 m to 32.0 m below mean see level, 

see Figure 4.6. To illustrate the 

dependence of the chosen distribution 

type for the scattering input parameters 

with respect to the changes to the 

outcomes, a third analysis is carried out, 

in which the values for the water depth 

are generated by a uniform distribution 

with realizations between 24.0 m and 

32.0 m (see Table 4.1, input parameter 

1c).  

In order to predict the intensity of 

influence which each input parameter    

has on the natural bending frequencies of 

the support structure (output variables   ), 

various tools of multivariate statistics are 

used. Possible sensitivities between the 

quantities can be indicated with the linear 

correlation coefficient      
 (also called 

Pearson correlation coefficient, short 

PCC), 

     
 

         
         

  
   

   
   

 (4.17) 

Therein,     stands for the   realizations 

of input variable   ,       with 

sample size  ,    
 is the mean value and 

   
 the standard deviation. The quantities 

of the output variables    are denoted 

analogously. The PCC      
 measures the 

strength of a linear relationship between 

   and   . A value for      
 near    

indicates a strong positive or negative 

linear correlation. A value close to zero 

does not permit any statement about 

linear relations; random correlations of 

higher order between two variables or 

even no correlations at all might be 

possible. The coefficients according to 

eq. (4.17) could be collected in a matrix 

scheme, which delivers a comprehensive 

overview of all linear correlations within 

the numerical model, see Figure 4.7. 

Here, significant linear dependencies of 

input variable 1 (water depth) or 8 

(internal friction angle) on the four output 

variables 11-14 (natural bending 

frequencies, c.f. Table 4.2) are detected, 

as can be seen by the blue and yellow 

squares in the matrix. 



Final Report PSA 

 

P a g e |  6 6  

 

Figure 4.7: Linear correlation matrix  

including the input variables 1-10  

of Table 4.1a and the four output  

variables 11-14 according to Table 4.3 

The percentage of variability due to the 

influence of a model parameter is 

indicated with the coefficient of deter-

mination (COD), 

   

    
           

  
   

         
 

 
 
   

 (4.18) 

Therein,               are fitted values of a 

linear regression towards the realizations 

   , e.g. described by minimal residuals of 

a least squares problem [4.18] [4.28]. So, 

the COD characterizes how much of the 

variability in the fitted value               

can be explained by a linear relation to the 

input parameters    . A value of    near 

one indicates a high linear relation, i.e. the 

linear regression      fits the data of 

realizations     better than in comparison 

to the simple average    
.  

Ultimate limit state (ULS): axial load 
bearing capacity of foundation piles 

The axial load bearing capacity of the piles 

is one design driver for foundation piles 

subjected to predominant axial loads, as 

they are found for lattice structures, such 

as jackets and tripods. 

In cooperation with WP 3 "Soil", the 

probabilistic design of foundation piles 

regarding the axial load bearing capacity is 

carried out. Results are already published 

in [4.24]. 

The design of the ultimate limit state (ULS) 

is carried out for a storm event. For the 

semi-probabilistic design, a storm event 

with a recurrence period of 50 years (the 

so-called 50-years storm) is defined in 

DLC 6.1 [4.9]. Here, it is assumed that the 

50-years sea state and the 50-years wind 

conditions occur simultaneously. The 

characteristic values to describe the 

environmental conditions with a 

recurrence period of 50 years are given as 

the 98 %-quantile of the corresponding 

probability distribution with a recurrence 

period of one year, see eq. (4.3). A rough 

description of the DLCs 6.1 for wind and 

wave is listed in Table 4.4. 

Table 4.3: Input parameters for wind and 

sea state within DLC 6.1 [4.9] 

DLC wind model wave model 

6.1a 
50-years wind, 

turbulent 

50-years sea 

state 

6.1b 
50-years wind, 

stationary 

reduced 50-years 

design wave 

6.1c 
reduced 50-years 

wind, stationary 

50-years design 

wave 

DLC 6.1a covers a transient fully-coupled 

simulation of the OWT during a 50-years 

storm. The OWT is effected by a sea state 

and a turbulent wind field, which are 

generated numerically. The time series of 

actions can be assumed to be 

stochastically distributed. Due to the fact 

that the numerical simulation of the sea 

state does not cover the nonlinearity of 

Bernoulli's principle [4.19], the effect of this 

nonlinearity has to be considered for the 

further evaluation. Suitable methods are 

indicated in e.g. [4.9] [4.37]. 

Even though DLCs 6.1b and 6.1c are 

known to be more conservative compared 

to the fully-coupled simulation of a 50-

years as required by DLC 6.1a, those load 

cases are highly suitable to underline the 

general methods of probabilistic design in 
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ULS. Within DLCs 6.1b and 6.1c, different 

load combinations of a single wave and a 

steady wind field are considered for quasi-

static simulations. The dynamic ampli-

fication due to wind turbulence and sea 

state has to be considered for the further 

evaluation of the quasi-static numerical 

solution by applying appropriate methods. 

The studies concerning the ULS 

concentrate mainly on the DLCs 6.1b and 

6.1c.  

Modeling 

The jacket substructure, which is shown in 

Figure 4.8 and is considered within WP 4, 

was defined within the OC4 project [4.41]. 

This jacket is designed for a site at the 

North Sea with a local water depth of 

50 m. Compared to jacket substructures 

already built, the foot print of 12x12 m is 

comparatively small. It is connected to the 

seabed by foundation piles, whose 

dimensions are also given in [4.41]. 

 

Figure 4.8: OC4 jacket (middle), foundation 

piles (left) and transition piece (right) [4.41] 

For predominant axially-loaded foundation 

piles, simplified models of the embedded 

piles are used. Here, two possibilities of 

embedment are considered. On one hand, 

the piles are modeled to be hinged as 

shown in Figure 4.9 (b). Using this 

approach, loadings on the structure do not 

result in moments (by bending and 

torsion). Subsequently, axial forces acting 

on the piles are overestimated. On the 

other hand, the embedded piles are mod-

eled as clamped (Figure 4.9 (c)). This 

approach, which describes embedded 

piles more realistically, eventually results 

in underestimated forces acting on the 

pile. 

 

Figure 4.9: (a) Foundation in soil, (b) 

modeled as hinged bearing, (c) modeled 

as clamped bearing 

The realistic values for the axial forces at 

the pile's head lie within the range of the 

values which are determined by using 

clamped and hinged bearings.  

Probabilistic approach 

In order to determine the probability that 

the axial load capacity of the foundation 

piles is exceeded by the acting axial 

forces, eq. (4.2) has to be solved. 

Therefore, the underlying distribution func-

tions of action effects and resistance have 

to be determined. 

The probabilistic distribution of the action 

effects is given on basis of the underlying 

extreme-value distributions for the environ-

mental conditions during a 1-year storm. 

Only the parameters of wind speed and 

significant wave height are considered, 

since they are most dominant for the 

design. For each possible value of these 

scattering parameters, the resulting axial 

forces acting on the foundation piles are 

calculated with numerical simulations. On 

basis of the distributions describing the 1-

year storm and the associated values of 

axial forces, the probabilistic distributions 

of the action effects can be found.  

Probabilistic models to describe the soil 

resistance that are developed in WP 3 

"Soil" are applied. 

(a) (c)(b)

pile

jacket 
leg
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Probabilistic fatigue design exemplified 
on tubular joints of jackets 

For branched components in offshore 

substructures such as jackets and tripods, 

fatigue has to be considered. Due to their 

complex geometry, the joints are highly 

stressed by fatigue loads caused by wind, 

operation and sea state during the life 

time.  

The probabilistic fatigue design for the 

tubular joints of tripod substructures are 

already carried out in [4.40]. Here, the 

focal point is set on the modeling fatigue 

resistance and its scatter. 

Within the semi-probabilistic design ac-

cording to [4.9], a limited number of 

simulations with a duration of 10 minutes 

has to be carried out for each wind-speed 

occurring during life time combined with 

the associated sea state. The resulting 

time series of stresses occurring at 

specified locations are transferred to 

stress ranges   , which are put in bin 

classes. Based on the achieved histo-

gram, the fatigue damage is calculated by 

applying the Palmgren-Miner rule, 

   
  

  
 

 (4.19) 

where    is the number of cycles 

associated with the stress range      and 

   is the endurance (in cycles) for a stress 

range    , where       is the number of 

all stress ranges considered. 

For the probabilistic design, the stress 

ranges are not put in bin classes    , but 

the probabilistic distribution of the stress 

ranges       is taken into account, 

   
       

     
    (4.20) 

The dynamic response of an OWT with 

jacket substructure is simulated 

numerically. The distribution of the stress 

ranges is given by stochastical analysis of 

the determined stress ranges    within the 

simulated time series. The stochastical 

description of the very high stresses, 

which occur with a very low percentage, is 

quite complicated, since usually only few 

of these values exist. However, the 

stochastical description is important since 

it is assumed that especially very high 

stresses are decisive for the fatigue 

design. For example, the peak-over-

threshold method can be applied to 

describe the distribution of the very high 

stress ranges. 

In order to estimate the distribution of the 

fatigue loads and especially of the very 

high stress ranges appropriately and 

accurately, at least 50 time series with a 

minimum duration of 30 minutes for each 

wind speed are required. Compared to the 

semi-probabilistic design, high numerical 

effort is necessary for the probabilistic 

fatigue design. 

Detailed results on the probabilistic fatigue 

design of joints in jacket structures are to 

be published in [4.23]. 

4.4.4 Results 

Wind loads 

The 10-min averages of wind speed are 

well described by a Rayleigh distribution, 

cf. [4.7] and Figure 4.10.  

 

Figure 4.10: Histogram and different distri-

bution functions of 10-min mean values for 

the wind speed in 100 m above sea level 

The extreme wind speed better could be 

approximated by a Gumbel distribution, cf. 

Figure 4.11. In addition to adapt the 

chosen distribution by visual assessment 

of fitting, this result is confirmed by the 

Chi-squared test and the Kolmogorov-

Smirnov test.  
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Figure 4.11: Histogram and different 

distribution functions of 4-week extreme-

values for the wind speed in 100 m above 

sea level 

Based on FINO 1 data within the period 

2004/01/01 – 2011/01/01 and eq. (4.5) – 

(4.8), the statistical values of the annual 

extreme-value distribution of wind speed 

in different measurement heights were 

determined, cf. Table 4.5 and [4.12]. 

Table 4.4: Statistical values (mean mExt 

and standard deviation σExt) of the one-

year extreme-value distribution of wind 

speed in different measurement heights at 

the site of FINO 1 

Measurement 

height 

     

[m/s] 

     

[m/s] 

a 

[s/m] 

u 

[m/s] 

33 m 28.140 3.869 0.332 26.398 

40 m 28.384 3.845 0.334 26.654 

50 m 29.026 3.971 0.323 27.238 

60 m 29.824 4.070 0.315 27.992 

70 m 30.343 4.137 0.310 28.481 

80 m 30.630 4.164 0.308 28.756 

90 m 30.937 4.169 0.308 29.061 

100 m 31.368 4.123 0.311 29.513 

Therein, 4-week extreme values were 

considered. The 98 %-quantile for a 

period of one year corresponds to the 

characteristic value for a return period of 

50 years, cf. eq. (4.3). The resulting 

values of the 50-years wind speed     are 

listed in Table 4.5. 

Table 4.5: Extreme wind speed     in 

different heights at the site of FINO 1 

Measurement 

height 

  
         
[m/s] 

33 m 38.17 

40 m 38.35 

50 m 39.32 

60 m 40.37 

70 m 41.07 

80 m 41.42 

90 m 41.74 

100 m 42.06 

The statistical values were determined 

using the method of moments. With the 

method of linear regression, the same 

ingoing data were analyzed, too. These 

results of both evaluation methods agree 

very well [4.12]. 

The profile of wind speed with a return 

period of 50 years is depicted in 

Figure 4.12. By comparison of the 

measured wind profile with the approach 

of [4.7], an underestimation of wind 

speeds for the FINO 1 measurement 

platform could be recognized. For the 

reference speed at hub height (in this case 

100 m) the reference speed extrapolated 

from the measurement data was used. 

 

Figure 4.12: Profile of the 50-years wind 

speed Vref from measurements compared 

to the approach of [4.9] and [4.7] (method 

for determining the distribution parameters 

in brackets) 
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In Figure 4.11, an example of the 

exponential function according to [4.7] 

with a lower exponent is shown, too. This 

approach represents the analyzed wind 

speeds for 33 m to 100 m height much 

better. This nearly vertical run of the 

evaluated curves describes wind speeds 

within the heights between 33 m and 

100 m and is comparable to approaches 

in the standards. For wind speeds below 

33 m and above 100 m, measurement 

data are not available. Further invest-

tigations of wind conditions at the site of 

FINO 1 are listed in WP 2 and [4.12]. 

For the statistical analysis of extreme 

values in particular areas far away from 

the mean value like the tails of an 

analyzed distribution are important. The 

type of distribution depends on the kind of 

population and often differs from extreme 

values of the same population, cf. 

Figure 4.10 and Figure 4.11. Extreme 

values of a longer reference period (here: 

4-week extreme values) are more suitable 

for extrapolation to an annual extreme-

value distribution, see Figure 4.13. 

 

Figure 4.13: Mean values, standard 

deviations and 98 %-quantiles of the 

annual extreme-value distribution based 

on 6-hour up to 4-week extreme values 

(method for determining the distribution 

parameters in brackets) 

For longer reference periods the mean 

values and the quantiles both run 

asymptotically to a limit value. As well the 

results determined by linear regression 

and method of moments agree very well if 

the reference period is sufficiently long. 

This result confirms the assumption that 

extreme values of a short reference 

period are less suitable as extrapolation 

basis for annual extreme-value 

distributions. Using 1-week or 4-week 

extreme values as extrapolation basis 

leads to almost identical results.  

Wave loads 

The significant wave height is an 

important input parameter for wave 

simulations. Common guidelines propose 

the Rayleigh distribution or Weibull 

distribution to approximate the distribution 

of significant wave height.  

An even higher goodness of fit has been 

achieved by a Gumbel distribution at the 

observed measurement site of FINO 1, cf. 

Figure 4.14.  

 

Figure 4.14: Histogram and different 

distribution functions of 3-hour average 

values for the significant wave height 

The extreme values of significant wave 

height are also well described by a 

Gumbel distribution, cf. Figure 4.15. In 

addition to a visual assessment of the 

goodness of fit, this result is confirmed by 

the Chi-square test and Kolmogorov-

Smirnov goodness of fit test. 
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Figure 4.15: Histogram of 1-week extreme 

values of the significant wave height and 

different distribution functions  

Therefore, the Gumbel distribution was 

used for extreme values of significant 

wave heights, too. Using the methods 

listed in the previous subsection "Wind 

loads", the annual extreme-value 

distribution of significant wave height was 

determined based on 6-hour up to 4-week 

extreme values, cf. Table 4.6. 

Table 4.6: Statistical values (mean mExt 

and standard deviation σExt) of the one-

year extreme-value distribution of signify-

cant wave height at the site of FINO 1 

Extrema 
     

[m] 

     

[m] 

a 

[m
-1

] 

u 

[m] 

6-hour 7.044 0.969 1.324 6.608 

1-day 7.052 1.115 1.150 6.550 

1-week 7.091 1.311 0.979 6.501 

4-week 7.056 1.361 0.942 6.443 

The resulting significant wave height     , 

based on different extrema, is listed in 

Table 4.7.  

Table 4.7: Extreme significant wave height 

     extrapolated on the basis of annual 

extreme-value distribution 

Extrema 
  

         
[m] 

6-hour 9.56 

1-day 9.94 

1-week 10.49 

4-week 10.58 

The statistical values were determined 

using the method of moments and linear 

regression. The results of both evaluation 

methods agree very well [4.14]. 

The results apply to a water depth of 

28 m. Using the eq. (4.14) – (4.16), 

significant wave heights depending on the 

water depth and the fetch length were 

estimated. The resulting significant wave 

height (here:    ) for an increase of 

water depth from 28 m to 50 m depending 

on fetch length is pictured in Figure 4.16. 

 

Figure 4.16: Significant wave height     

and percentage change of     for the 

increase of water depth from 28 m to 

50 m depending on fetch length 

A clear influence of fetch length on the 

significant wave height was determined. 

For larger fetch length the wave height 

barely changes. This decreasing variation 

of the wave height is also observed for a 

water depth of 50 m. Compared with the 

significant wave height     in 28 m water 

depth the almost constant significant 

wave height     in a depth of 50 m only 

occurs with greater fetch length. 

Consequently, the percentage change of 

wave heights from 28 m to 50 m water 

depth increases with the growth of fetch 

length, until a limit-value is reached for 

great fetch lengths. If this critical fetch 

length has been achieved, a constant 

increase of the significant wave height is 

expected at the pictured change of the 

water depth. The reason for the limited 

increase in wave height     is the wave 

height limit due to the water depth. By 

using Figure 4.16, the mean value of 

significant wave height at the site of FINO 
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1 can be adapted to a site with 50 m 

water depth. To verify this very coarse 

and location-independent estimation, 

significant wave heights in different water 

depths were evaluated at three sites in 

the German Bight. In addition to the 

measured values at FINO1, data of FINO 

3 and North-Sea-Buoy II (NSB 2) were 

evaluated. The methods for data analysis 

have already been discussed. Actually, 

the results are focused.  

The probability density functions obtained 

for each site of 1-week extreme values of 

   are shown in Figure 4.17. 

 

Figure 4.17: Probability density function 

of 1-week extreme values at three 

different measurement sites in the 

German bight 

The extreme values of each measurement 

site can be well approximated by Gumbel 

distribution. Mean values as well as 

standard deviations of the significant wave 

height    increases with deeper water. 

The comparison of the statistical values is 

shown in Table 4.8.  

Table 4.8: Statistical values (mean mExt 

and standard deviation σExt) of the one-

year extreme-value distribution of    at 

the site of FINO 1, FINO 3 and NSB 2 

 

water 

dept

h 

para-

mete

r 

distrib

ution 

     

[m] 

     

[m] 

FINO3 22    Gumbel 6.893 1.227 

FINO1 28    Gumbel 7.091 1.311 

NSB 2 42    Gumbel 8.633 1.611 

Based on these data the statistical values 

of the significant wave height    in 50 m 

water depth were approximated. It should 

be noted for the following analyses that 

an extrapolation based on three values is 

very uncertain. Assuming a linear 

relationship, a mean value of the 

significant wave height of 9.22 m can be 

expected in 50 m water depth. Thus, with 

an increase of water depth from 28 m to 

50 m the significant wave height rises 

about 30 %. The standard deviation of the 

significant wave height increases by 

almost the same factor as the mean 

value, meaning the coefficient of variation 

is nearly constant over the water depth, 

c.f. Figure 4.18.  

 

Figure 4.18: Standard deviation and 

coefficient of variation of Hs in different 

water depths 

Furthermore, the maximum wave height 

was investigated, too. Current regulations 

propose the Rayleigh or Weibull distri-

bution for the modeling of extreme wave 

heights, cf. [4.7] [4.6]. For the evaluated 

data on the location of the measurement 

platform FINO 1, the Gumbel distribution 

fits measurement data much better. 

Figure 4.19 shows the histogram of the 1-

week extreme values of Hmax and different 

extreme-value distributions. 
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Figure 4.19: Histogram of 1-week extreme 

values of the maximum wave height and 

different distribution functions 

Due to the small number of measurement 

values, a visual assessment of a suitable 

distribution function became more difficult. 

The goodness of fit is confirmed by the 

Chi-square test and Kolmogorov-Smirnov 

test, too. The annual extreme-value 

distribution of maximum wave height was 

determined based on 6-hour up to 4-week 

extreme values, cf. Table 4.9. The 

resulting maximum wave height     based 

on different extrema is listed in Table 4.10. 

Table 4.9: Statistical values (mean mExt and 

standard deviation σExt) of the one-year 

extreme-value distribution of maximum 

wave height at the site of FINO 1 

Extrema 
     

[m] 

     

[m] 

a 

[m
-1

] 

u 

[m] 

6-hour 12.622 1.726 0.743 11.846 

1-day 12.734 2.007 0.639 11.830 

1-week 12.940 2.341 0.548 11.886 

4-week 12.989 2.465 0.520 11.880 

Table 4.10: Maximum wave height     

extrapolated on the basis of annual 

extreme-value distribution 

Extrema 
  

         
[m] 

6-hour 17.10 

1-day 17.94 

1-week 19.01 

4-week 19.38 

 

The statistical values were determined 

using the method of moments and linear 

regression. The results of both methods 

agree very well [4.13]. 

The determined significant and maximum 

wave height with a return period of 50 

years confirmed the formal relation in 

[4.7] for the estimation of the design wave 

height    within a sea state defined by 

inter alia the significant wave height. In 

[4.7], the design wave height    can be 

estimated as being the expected value of 

the highest wave during a 3-hour storm 

(             ), cf eq. (4.21). 

                             (4.21) 

According to [4.7] the design wave period 

   may be estimated by eq. (4.22). 

                           (4.22) 

According to [4.7], the smaller value of 

the period    should be chosen because 

a larger wave height    results. Using the 

significant wave height            , cf. 

Table 4.7, the design wave height 

according to eq. (4.21) and (4.22) can be 

calculated to          . This result 

agrees well with the maximum wave 

height    , extrapolated on the basis of 

the annual extreme-value distribution, cf. 

Table 4.10.  

Contrary to the measurement time series 

of significant wave height and wind 

speed, the measurement time series of 

extreme wave height only from 2004 to 

February 2006. In this short measurement 

period, only 18 4-week extreme values 

are available for determining the density 

function. The determination of a density 

function based on such a small amount of 

data is very unreliable and may lead to 

significant differences in particular for the 

98 %-quantiles, see Figure 4.20.  
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Figure 4.20: Mean values, standard 

deviation and 98 % -quantiles of the 

annual extreme-value distribution based 

on 6-hour up to 4-week extreme values, cf. 

[4.35] (method for determining the 

distribution parameters in brackets) 

In case of these less quantity of data, the 

results based on the 1-week extreme-

value distribution are more reliable. 

These data were the basis for the 

analysis of extreme wave height, too. On 

one hand, there is the demand for a long 

reference period as extrapolation basis. 

On the other hand, there is a limited 

number of measurement data. If a 

Gumbel distribution will be used, it is 

suggested to use at least 50 

measurement values. Taking this 

minimum number of measurement values 

into account, extreme values of a long 

reference period is more suitable for 

extrapolation basis. 

With the measurements at the location of 

FINO 1, synchronously measured series 

of wind speed, wind direction, wave 

heights, wave periods and wave 

directions for a long measurement time 

are available. Based on a temporal 

assignment of these data, first 

investigations of simultaneously occurring 

extreme wind speed and significant wave 

heights have been carried out. The 

investigations show that extreme wind 

events do not coincide with the extreme 

sea conditions. For extreme wind speed 

as well as significant wave height 

direction dependencies could be 

detected, cf. Figure 4.21 and Figure 4.22. 

 

Figure 4.21: Directional distribution of  

average and maximum wind speed at the 

FINO 1 platform 

The highest average and maximum wind 

speed is expected from the direction west-

south-west. 

 

Figure 4.22: Directional distribution of  

average and maximum significant wave 

height at the FINO 1 platform 

The direction of the maximum significant 

wave height has an offset to this direction 

of almost 90°. The maximum significant 

wave height is expected from north-north-

west. A simultaneous occurrence of 

extreme wind speeds and significant wave 

heights with a direction offset of 90° could 

be excluded by the measurement data. 

These preliminary studies demonstrate 

that a simple superposition of rectified 
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extreme wind speeds and sea states is 

unrealistic and leads to inefficient design 

results. 

A comprehensive safety assessment of 

OWTs needs further investigations of the 

correlation and directional dependency of 

extreme load parameters. 

Modal and robustness analyses of the 
vibration behavior of an OWT with 
monopile substructure  

For the investigated support structure as 

shown in Figure 4.4, robustness analyses 

were carried out in order to predict the 

fluctuation in the eigenfrequencies under 

scattering model input parameters. As can 

be seen from the top line of Figure 4.23, 

the linear COD of the first natural bending 

frequency in side-to-side mode (fr1_side) 

with respect to all input parameters 

amounts to        . So, 90 % of the 

total fluctuation in this frequency can be 

explained by a linear relation between the 

input parameters. The remaining 10 % of 

the total variation in this frequency remain 

unexplained by a linear regression within 

this model. The bars in Figure 4.23 show 

pairwise linear correlations between the 

output parameter (fr1_side) and each of 

the input parameters   . Thereby, the 

influence of the water depth (L_water) 

seems to be most dominant. Also, the 

internal friction angle of the soil layer 

(Soil_phi) has a significant impact. 

The fluctuation in the first natural bending 

frequency in side-to-side mode (fr1_side) 

within this robustness analysis as shown 

in Figure 4.24. As can be seen by the 

fitted PDF, the variation in this frequency 

is characterized by a normal distribution 

with a mean value of 0.235 Hz and a COV 

of 0.025. The results of the other natural 

bending frequencies of the investigated 

support structure are quite similar. 

Table 4.2 summarizes the statistical 

values of the calculated frequencies. For 

example, Figure 4.25 shows the CODs of 

the input parameters    towards the 

second natural bending frequency in fore-

and-aft mode (fr2_for). Figure 4.26 

displays the variation in this frequency. 

Again, the dataset is fitted by a normal 

distributed PDF with a mean value of 

1.38 Hz and a COV of 0.046.  

To illustrate the high importance of a well 

known statistical dataset for the use of 

robustness analysis, two further 

investigations are carried out as described 

before. In a second robustness analysis, 

the statistical properties of water depth 

(L_water) are adapted to a normal 

distribution as shown in Figure 4.6 with 

values as listed in Table 4.1 (input 

parameter 1b). Again, N=1000 designs are 

created by Latin Hypercube Sampling. The 

results for the first natural bending 

frequency in side-to-side mode and the 

second one in fore-and-aft mode are 

shown in Figure 4.27 – Figure 4.30. Again, 

the only two significant input parameters 

within the numerical model of the 

investigated support structure are the 

internal friction angle    of the soil layer 

and the water depth L_water. In 

Table 4.11: Statistical values of first and second natural bending frequencies of the support 

structure (shown in Figure 4a) as outcomes of robustness analysis with N=1000 designs 

 Output 

Parameter 
Symbol 

Fitted 

Distribution Type 

Mean 

Value 

Coefficient 

of Variation 

11 1st  side-to-side mode fr1_side Normal 0.235 0.026 

12 1st  fore-and-aft mode fr1_for Normal 0.236 0.026 

13 2nd side-to-side mode fr2_side Normal 1.348 0.044 

14 2nd fore-and-aft mode fr2_for Normal 1.380 0.046 
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comparison to the previous analysis, the 

influence of the soil parameter    is 

significant higher than the water depth, as 

can be seen in Figure 4.27 and 

Figure 4.29.  

The two histograms in Figure 4.28 and 

Figure 4.30, displaying the variation in the 

first and second natural bending 

frequencies of the support structure, are 

once again fitted with normal distributed 

PDFs. It is seen that these fits are not as 

good as in the case of the previous 

analysis (cf. Figure 4.24 and Figure 4.26), 

where the realizations for the input 

parameter L_water are generated by a 

truncated normal distribution. This 

illustrates the high influence of the 

underlying distributions in the stated input 

variables. Beholding the histograms of the 

two different settings of input variable 

L_water (Figure 4.5 and Figure 4.6), it 

becomes clear that the influence of the 

water depth is lower in case of normal 

distributed realizations, since more values 

closer to the mean are generated than in 

the case of a truncated normal distribution. 

Nevertheless, comparing the differences in 

the outcoming CODs caused by this 

alternation, the calculation seem to be 

very sensitive, i.e. the statistical dataset 

has to be chosen carefully (see 

Figure 4.23, Figure 4.25, Figure 4.27, 

Figure 4.29). 

A third robustness analysis is carried out, 

wherein the input parameter 1c (see 

Table 4.1) is set to generate uniform 

distributed realizations for the water depth. 

The results are shown in Figure 4.31– 

Figure 4.34. Since less values are 

generated near the mean value than in the 

previous two analyses (i.e. more extreme 

values at the sides of the interval from 

24 m to 32 m are generated for the water 

depth), the variations in the out coming 

frequencies are slightly increased as can 

be read from the coefficient of variations 

(see Figure 4.32 and Figure 4.34). Thus, 

the water depth is more significant and 

has a stronger impact on the results 

compared the two previous analyses. This 

can be seen by the CODs in Figure 4.31 

and Figure 4.33, wherein the water depth 

(input parameter L_water) influences the 

results proportionally over 50 %, whereas 

the internal friction angle takes part with 

only 35 %. In comparison, if L_water is 

normal distributed, the CODs to the 

outcomes were only at about 20 % (see 

Figure 4.27 and Figure 4.29), whereas the 

internal friction angle (this input parameter 

was not adapted at all) is the most 

dominant one with CODs to the outcomes 

at about 60 %. So, the alternations in the 

CODs seem to be high and not robust 

against small changes in the model input 

variables.  

In contrast, the variability in the outcoming 

frequencies seems to be more robust. 

Evaluating the results shown in 

Figure 4.24, Figure 4.28 and Figure 4.32, 

a comparison of the results for the first 

natural bending frequency (in side-to-side 

mode) shows largely corresponding 

results. In all investigations the mean 

value is at 0.235 Hz, the COVs are at 

0.025, 0.021 and 0.028.  The results for 

the second natural bending frequency (in 

fore-and-aft mode) are similar, see 

Figure 4.22, Figure 4.30, Figure 4.34 

(mean value at 1.38 Hz, COVs at 0.046, 

0.038, 0.048). 

In summary, the CODs in robustness 

analyses seem to be very sensitive 

against small changes in the statistical 

dataset, whereas the outcoming natural 

bending frequencies of the support 

structure show only small changes in its 

determined statistical data. 
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Figure 4.23: Linear Coefficients of 

Determination of the first natural bending 

frequency in side-to-side mode (fr1_side) 

with respect to the input parameters  

according to Table 4.1a, truncated normal 

distributed water depth, N=1000 

 
Figure 4.24: Histogram of the first natural 

bending frequency in side-to-side mode 

(fr1_side) with fitted PDF  

(Normal distribution, mean=0.235, 

COV=0.025), N=1000 

   

Figure 4.25: Linear Coefficients of 

Determination of the second natural 

bending frequency in fore-and-aft mode 

(fr2_for)  with respect to the input param-

eters according to Table 4.1a, truncated 

normal distributed water depth, N=1000 

 
Figure 4.26: Histogram of the second 

natural bending frequency in fore-and-aft 

mode (fr2_for) with fitted PDF  

(Normal distribution, mean=1.38, 

COV=0.046), N=1000 
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Figure 4.27: Linear Coefficients of 

Determination of the first natural bending 

frequency in side-to-side mode (fr1_side) 

with respect to the input parameters 

according to Table 4.1b, normal distributed 

water depth, N=1000 

 

 
Figure 4.28: Histogram of the first natural 

bending frequency in side-to-side mode 

(fr1_side) with fitted PDF (Normal distri-

bution, mean=0.235, COV=0.021), 

N=1000 

 

   

Figure 4.29: Linear Coefficients of 

Determination of the second natural 

bending frequency in fore-and-aft mode 

(fr2_for) with respect to the input 

parameters according to Table 4.1b, 

normal distributed water depth, N=1000 

 
Figure 4.30: Histogram of the second 

natural bending frequency in fore-and-aft 

mode (fr2_for) with fitted PDF  

(Normal distribution, mean=1.38, 

COV=0.038, N=1000 
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Figure 4.31: Linear Coefficients of 

Determination of the first natural bending 

frequency in side-to-side mode (fr1_side) 

with respect to the input parameters 

according to Table 4.1c, uniform 

distributed water depth, N=1000 

 
Figure 4.32: Histogram of the first natural 

bending frequency in side-to-side mode 

(fr1_side) with fitted PDF  

(Normal distribution, mean=0.235, 

COV=0.028), N=1000 

 

   

Figure 4.33: Linear Coefficients of 

Determination of the second natural 

bending frequency in fore-and-aft mode 

(fr2_for) with respect to the input 

parameters according to Table 4.1c, 

uniform distributed water depth, N=1000 

 
Figure 4.34: Histogram of the second 

natural bending frequency in fore-and-aft 

mode (fr2_for) with fitted PDF (Normal 

distribution, mean=1.38, COV=0.048, 

N=1000 
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Ultimate limit state (ULS): axial load 
bearing capacity of foundation piles 

When applying the probabilistic design of 

foundation piles instead of the semi-

probabilistic design, the annual probability 

of failure    of the considered component 

has to be calculated. Therefore, the 

probabilistic distributions of the relevant 

environmental conditions with a recur-

rence period of one year are to be 

determined. As stated previously, the 

underlying parent distributions of both 

speed   and the significant wave height    

during the extreme event can be approxi-

mated by Gumbel distributions. The corre-

sponding parameters of the Gumbel distri-

butions are listed in Table 4.8. The data 

for the site of the measurement platform 

FINO 1 are used.  

Modeling and load distributions 

The model of the OWT consists of the 

NREL 5-MW turbine [4.20] and of the OC4 

jacket substructure [4.41]. For the 

embedment of the foundation pile in the 

soil, hinged and clamped bearings are 

applied in the numerical set-up, which 

eventually result in different values of the 

axial forces acting on the pile head. If the 

soil with its scattering properties and 

embedded piles is modeled for each case 

considered during the Monte-Carlo simu-

lation, an unreasonable high compu-

tational effort is required. As stated above, 

the real values of the axial forces acting on 

the foundation piles lie within the range 

defined by the two types of bearing. 

The axial load bearing capacity of the 

foundation piles depends on the piles' 

geometry as well as on the soil structure. 

The soil properties are scattering, resulting 

in varying values for the axial load bearing 

capacity, which has to be considered 

within the probabilistic design. Therefore, 

the soil with scattering properties is 

modeled in accordance to [4.1]. The 

modeled axial load bearing capacities can 

be described by a Gaussian distribution 

[4.31]. A dense soil with relative density 

        as well as a very dense soil with 

        is considered for the evaluation. 

Further information on modeling of the soil 

as well as on the assumptions for scatter-

ing of soil parameters can be found in the 

section "Soil (WP 3)" as well as in [4.24]. 

Probability distributions of wind- and wave-
induced loads 

The axial loads acting on the foundation 

piles are determined for a direction of the 

incoming wind and sea state parallel to the 

diagonal of the jacket's foot print. This 

most unfavorable configuration results in 

the greatest axial pile loads. The steady 

wind-induced loads as required for DLCs 

6.1b and 6.1c are determined using the 

software Flex5 coupled to Poseidon. The 

wave-induced loads are calculated with 

the FE software Poseidon [4.15] coupled 

with WaveLoads [4.26]. The kinematics of 

the water particles required for the load 

calculated with Morison's equation are 

determined by applying the wave model 

"stream function wave theory" of 11th 

order according to [4.17]. For wind speeds 

in the range of 25 ms-1 to 60 ms-1 with 

steps of 1 ms-1 (covering 98.3 % of the 

associated distribution of the 1-year wind 

speed), the corresponding wind-induced 

loads are determined. They can be de-

scribed by polynomial functions, as shown 

in Figure 4.35 for both types of bearing. 

 

Figure 4.35: Axial forces acting on 

foundation piles over 10-minutes mean 

wind speed 
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Analogously, a polynomial function is 

found for significant wave heights in the 

range of 2 m to 12 m with steps of 1 m 

(covering 99.3 % of the associated 

extreme-value distribution). More details 

on the polynomial functions are given in 

[4.24] [4.31]. On basis of the distributions 

describing the 1-year storm and the 

associated polynomial functions of axial 

forces, the distributions of the loads are 

determined, as shown in Figure 4.36 for 

both types of bearings. 

 

Figure 4.36: Probability density functions 

of the wind-induced and wave-induced 

axial forces on the foundation piles 

Assuming that wind speed and significant 

wave height are uncorrelated during 

storms, the probability distribution of the 

combined extreme axial force during an 

1-year storm can be determined. The 

probability density functions for both 

types of bearings are plotted in 

Figure 4.37 (blue lines). Additionally, the 

probability density function of the axial 

pile capacity in very dense soil (red line) 

as well as characteristic and design 

values, as required for the semi-

probabilistic design, is shown. 

 

Figure 4.37: Probability density functions 

of the annual extreme axial loads acting 

on the pile and of the axial load bearing 

capacity of the pile 

Probabilistic design of foundation piles 

In order to determine the annual 

probability that the axial load capacity of 

the foundation piles is exceeded by the 

acting axial forces, eq. (4.2) has to be 

solved. Here, the Monte-Carlo simulation 

is applied to solve the integral in eq. (4.2), 

which is a common procedure in reliability 

analysis: the limit state        is 

evaluated for a very high number of values 

for effect and resistance, which are 

randomly chosen in accordance to the 

underlying probability distributions. For the 

considered soil profiles and types of 

bearings, the resulting probabilities over 

the embedded pile length of failure are 

shown in Figure 4.38. 

 

Figure 4.38: Probability of failure over the 

embedded pile length 
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In addition, the probabilities of failure for 

the pile lengths determined with the 

semi-probabilistic safety concept are 

emphasized (black dashed lines). The 

corresponding probabilities of failure lie 

in the range of 2.96.10-4 to 3.14.10-4. 

These values lie within the range 

recommended by [4.38], but they are 

greater than the probability of failure as 

required by [4.4]. 

However, the value of the probability of 

failure is very sensitive to the chosen 

probability distributions. This is exem-

plarily shown for a different probability 

distribution of the significant wave 

height: the extrapolated data for a site 

with a local water depth of 50 m (c.f. 

Table 4.8, Figure 4.18) is used instead of 

the data from the site of FINO 1 with a 

local water depth of about 28 m, as 

carried out in [4.24]. First, the pile 

lengths are calculated with the semi-

probabilistic safety concept. Using the 

previously stated method to calculate, 

the values of the associated probabilities 

of failure lie within the range of 6.50 .10-3 

to 8.09.10-3. The reason for the in-

creased values (by a factor of ~30) is the 

increased scattering of the wave-induced 

loads due to a greater standard deviation 

of the underlying probability distribution 

of the 1-year significant wave height. 

ULS in accordance to DLC 6.1a 

Similar to the requirements of DLC 6.1a 

[4.9], fully-coupled simulations of OWTs 

are used for a more realistic numerical 

simulation. Here, turbulence of wind 

fields and the irregular sea state are 

included, resulting in scattering of 

dynamic response.  Scattering of the 

effects acting on OWTs can be described 

stochastically. Hence, extreme-value 

distributions are found for the greatest 

loads occurring during a time series with 

an appropriate duration. A stochastical 

investigation of extreme wind-induced 

loads acting on foundation piles was 

carried out in [4.37], but only for the 

characteristic wind speed during a 50-

years storm. A probabilistic density 

function        of the extreme loads   

can be found in dependence of each 

wind speed    that might occur during an 

1-year storm. Combining this distribution 

       with the distribution of the 

extreme wind speed      occurring 

during an 1-year storm, a joint 

distribution        is given, 

                          (4.23) 

Due to the high numerical effort, it is not 

reasonable to determine the distribution 

       of extreme wind-induced loads for 

each wind speed to be considered, since 

at least 50 fully-coupled simulations with 

a duration of one hour are required for 

each wind speed in order to estimate the 

extreme-value distribution accurately. 

Therefore, a method to reduce the 

number of required simulations was 

proposed. First, the extreme-value 

distribution of wind-induced loads is 

found for one wind speed, as carried out 

in [4.37]. In the following step, the 

parameters describing this distribution 

are normalized by mean value and 

standard deviation of the associated time 

series. These values are almost constant 

for each time series with constant wind 

speed. On basis of these normalized 

parameters, the extreme-value 

distributions of wind-induced loads can 

be found for other wind speeds in 

dependence of the associated 

stochastical values. The resulting joint 

distribution of 1-year wind speed and 

extreme axial loads acting on the 

foundation piles is plotted in Figure 4.39.
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Figure 4.39: Joint distribution of extreme 

wind speed and extreme wind-induced 

loads, normalized by its maximum value 

More details on this procedure are found 

in [4.34]. An adaption for other parameters 

having an impact on the load distribution is 

also possible. 

4.4.5 Conclusions 

Within work package 4, advanced design 

and optimization of support structures for 

offshore wind turbines are evaluated with 

respect to the probabilistic safety concept. 

Therefore, design driving limit states 

critical for the design are identified. 

Uncertainties as well as scattering of 

effects and resistance are considered by 

applying probabilistic methods. 

In case that the probabilistic design is 

applied instead of the semi-probabilistic 

design, the probability of failure of the 

considered components for a period of 

one year has to be calculated by 

evaluating the probabilistic distributions of 

both effects and resistance. Especially for 

OWTs which are effected by heavily 

scattering loads during their life time, 

advanced structural design and 

optimization can be found on basis of the 

probabilistic safety concept. 

Estimation of relevant design values 

Measurement series of design relevant 

wind and wave parameters over a period 

of several years at the site of FINO 1 have 

been analyzed. These works result in 

important input parameters for the 

probabilistic calculations and recommen-

dations for distribution types and statistical 

values. Additionally, the following findings 

were obtained for the analyzed 

measurement site: 

- Compared to GL-guideline [4.7], 

the power law in IEC 61400-3 [4.9] 

represents the measurement 

based wind speed profile much 

better.  

- The extreme-value distributions of 

wind speed, significant and 

maximum wave height are well 

approximated at the site of FINO 1 

by Gumbel distribution (extreme-

value distribution type I) for 

maximum values. 

- Extreme values of a long reference 

period (here: 1-week or 4-weeks) 

are much more suitable (in 

comparison to 6-hour and 1-day 

extreme values) for the extra-

polation of annual extreme values. 

Of course, a sufficient number of 

measurement values have to be 

available to determine an adequate 

and reliable density distribution.  

- At least 50 data points are 

recommend for the using of 

Gumbel distributions. 

- The relation according to GL-

guideline [4.7] to determine the 

design wave from a sea state was 

confirmed by the investigations 

carried out in this project. 

Modal and robustness analysis 

Robustness analyses were carried out in 

order to estimate the influence of various 

model input parameters against the first 

and second natural bending frequencies of 

a support structure of an offshore wind 

turbine with monopile-substructure. 

Therefore, material properties, geometrical 

data as well as soil conditions for the 

foundation were taken into account as 

scattering statistical parameters. In all 

investigations, the only remaining 

significant parameters were the internal 
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friction angle of the soil and the water 

depth, which reflects the embedment 

depth. Linear correlations and coefficients 

of determination (COD) were used to 

quantify the influence of the model 

parameters. It was shown that small 

changes in just one single input parameter 

affects the resulting CODs significantly. 

Therefore, no statement can be made on 

which parameter is the most dominate 

one. But it could be detected, which 

parameters are responsible for the 

variation in the outcomes and which 

parameters are negligible. Nevertheless, 

the fluctuations in the natural bending 

frequencies of the investigated support 

structure are low at all. 

Probabilistic design 

Probabilistic design of different compo-

nents of a jacket substructure was carried 

out. The ultimate bearing capacity of the 

foundation piles during a 1-year storm was 

assessed. Also, the probabilistic fatigue 

design was carried out for the tubular 

joints in jacket substructures. 

Since the probabilistic design is very 

sensitive to the underlying probability 

distributions, the accuracy of the 

underlying probabilistic distributions has to 

be ensured by precise analyses of data. 

Otherwise under- or overestimation of the 

probability of failure is possible, which 

results in a low level of safety and 

increased economic risks of unnecessary 

costs during the design, respectively. 

Simplifications within structural modeling 

might be required due to otherwise 

unreasonably high computational effort. 

The effect of the simplification on the 

probability of failure has to be quantified 

and has to be considered within the design 

process. 
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4.5 In Situ Assembly (WP 5) 

Institute of Building Materials Science 

Ludger Lohaus, Michael Werner 

4.5.1 Abstract 

Grouted Joints are tube-in-tube connec-

tions with the gap between pile and 

sleeve filled with grout. The grout material 

could be concrete, mortar or cement 

paste. High-performance mortars are 

normally used for the grouted joints of 

offshore wind turbines in Germany [5.1]. 

Grouted joints connect the piles, which 

are driven into the seabed, with the upper 

part of the supporting structure. 

Accordingly, this kind of connection is a 

key part to ensure the stability and 

durability of the supporting structure 

[5.16]. Previous wind farms have shown 

that the design and the completion of 

grouted joints are challenging and also 

cost-intensive if failures occur [5.13]. 

Contrary to the preassembled and well-

controlled parts of the supporting 

structure, grouted joints have to be 

assembled under harsh offshore 

conditions. Thereby, the quality control of 

the in situ assembly is greatly 

complicated by the design and the 

exposure of the connection. The 

connection represents a black box [5.8] 

and the in situ material properties of the 

grout are only assumptions with high 

safety factors. 

Risk factors of the in situ assembly and a 

deeper knowledge of the in situ material 

properties are needed for the optimization 

of grouted joints. 

4.5.2 Objective 

The Objective of this work package 

“supporting structure production in situ” 

focused on the determination of risk 

factors during the assembly process of 

grouted joints and on the in situ material 

behavior of grout materials. Furthermore, 

concepts used to minimize possible 

defects before and during the execution 

will be developed. 

4.5.3 Approach 

The work package is divided into six parts:  

- analysis of boundary conditions; 

- analysis of common supporting 

structures and types of grouted 

joints; 

- preliminary hazard analysis (PHA) 

of the in situ assembly; 

- fault tree analysis; 

- development of the laboratory test 

facility; and 

- experimental investigations. 

Firstly, the boundary conditions will be 

analyzed, and secondly, the different kinds 

of supporting structures and their different 

types of grouted joints will be analyzed. 

Based on these findings, a PHA will be 

conducted to develop concepts to mini-

mize possible defects, ensure quality 

control and devise management solutions. 

Fault trees will be designed to get a basic 

idea about the probability of possible 

failure modes. 

A special formwork for the simulation of 

the filling process will be developed to 

evaluate the influence of identified failure 

modes on the material behavior of grout. A 

transparent front panel in the formwork will 

be used to observe the phenomena that 

occur during and after grouting. This 

laboratory testing facility will be used to 

simulate exemplary failure modes to 

obtain basic knowledge of the possible 

effect of these failures. 

4.5.4 Results 

Boundary conditions 

A staff member of the research institute 

received special offshore safety and 

emergency training (basic offshore safety 

induction and emergency training, 

BOSIET) to enable them to analyze the 

offshore conditions and possible risk 

factors of the in situ assembly. Thus, two 

offshore operations in 2011 allowed the 

institute’s trained staff member to take a 

deeper look behind the scenes and to gain 

valuable practical knowledge. 
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The findings could be separated into three 

main groups: material properties, the 

application method, including the grouting 

procedure, and offshore conditions 

Grout material 

The fresh grout properties are relevant to 

the application process. The fresh grout 

has to be pumped over long distances and 

has to be self-leveling inside the gap 

between the pile and the sleeve [5.8]. The 

grout also has to be stable regarding 

sedimentation and segregation and has to 

harden rapidly after filling to avoid 

complications due to early-age move-

ments of the structure [5.6] [5.7]. After 

hardening, the grout has to bear the load 

of the turbine over a period of a minimum 

of 20 years, therefore, the fatigue 

resistance is important, especially under 

submerged conditions [5.4]. Because of 

the harsh offshore conditions, the material 

has to be robust in terms of different 

temperatures and weather conditions. 

Detailed information is given in [5.8]. 

Application Method 

Figure 5.1 shows a functional flow diagram 

of a typical grouting procedure. This flow 

diagram starts with the storage of the 

grout material. The grout mixers are 

supplied with dry premixed grout by crane 

or silo. High-performance grouts need high 

shear forces to reach their material 

properties and long mixing times. After 

mixing, the material is delivered to the 

grout pump. Different mixers and grout 

pumps could influence the quality of the 

grout [5.2]. The pump delivers the fresh 

grout via grout lines and grout hoses to the 

supporting structure until the annular gap 

is reached and the grout material fills the 

grouted joint completely. The material of 

the grout line, the length of the line and the 

diameter must be taken into account [5.3]. 

Moreover, the duration of the grouting 

process could have an influence on the 

grout homogeneity. 

 

Figure 5.1: Functional flow diagram of a 

grouting procedure [5.10] 

Offshore Conditions 

Offshore conditions have a significant influ-

ence on the quality of grouted joints. The 

harsh offshore conditions influence the grout 

material, the technical equipment and the 

on-site staff responsible. The main factors 

are the ambient conditions, such as wind, 

waves and the temperature of the air and 

water.The on-site staff responsible, who 

face harsh offshore working conditions, are 

a key factor in the estimated quality of the 

offshore construction. Furthermore, the 

standards of health and safety are very 

complex and reduce the workability of the 

crew. An example of the proper protective 

clothing is given in Figure 5.2. Detailed 

information is given in [5.9] and [5.5].

 

Figure 5.2: Immersion suit as work wear 

[5.9] 
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Supporting structure 

The design of the supporting structures 

depends on the depth of the water. At a 

low water depth up to 30 m, monopiles are 

mainly used. At deeper water depths, it is 

more common to use tripods or jackets as 

the supporting structure. Figure 5.2 shows 

some different types of supporting 

structure. 

The chosen design results in different 

boundary conditions and constructions of 

grouted joints. 

Depending on the design, the width of the 

gap between pile and sleeve and the 

shear key geometry differ. The length of 

the connection and possible imperfections 

between pile and sleeve are also different. 

Moreover, the distribution channel for the 

fresh grout changes from wind farm to 

wind farm. More detailed information is 

given in [5.5]. 

Preliminary Hazard Analysis 

The PHA can be divided into five parts, 

which are shown in Figure 5.3. The first 

step is to find the undesirable system 

states, and the second is to identify the 

failure modes and their effects, evaluate 

the possible failures and recommend 

corrective actions. 

System Design Analysis 

The function of the grouted joint is to bear 

the loads of a turbine and the upper part of 

the supporting structure. These loads are 

mainly axial loads and vertical loads for 

jackets and tripods. For monopiles and 

tripiles, the grouted joints are additionally 

stressed by bending moments [5.5]. 

Critical conditions exist when the load 

from sleeve to pile is not securely 

transferred. According to experiences in 

offshore constructions, the following items 

are supposed to be critical: 

- partially filled or unfilled gap 

between pile and sleeve 

- faults in the material in the gap, 

e.g. voids, insufficient material 

properties and  

- an insufficient bond between the 

grout and shear keys. 

Components which could be prone to 

failure are: 

- sealing of the annular gap; 

- the distribution channel; 

- grout lines which supply the 

distribution channel; 

- the grout connection of the 

supporting structure; and 

- the annular gap. 

These parts are prefabricated and a 

proper quality control is possible, but a 

further quality control after the upper part 

of the supporting structure is placed onto 

the sea-bed is much more difficult. 

The maintenance and testing of the parts 

for the filling process on the ships are 

more easily possible, but these parts are 

also exposed to the offshore conditions 

on the deck of the ship and are prone to 

failure. 

Critical conditions 

Incidents which could lead to critical 

conditions are leakage of the grout seal 

and irregularities in the grout material, 

especially influence on the fresh grout 

properties. Furthermore, longer filling 

processes and higher pump pressures 

could also be critical. 

The main specific reasons for these 

incidents could be: 

- damage to the grout seal because 

of the pile-driving process or the 

 

Figure 5.2: Supporting structures [5.7] 
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setting process of the upper part 

of the support structure; 

- a fluctuating water demand of the 

grout material; 

- impurities in rubber hoses and 

grout lines connected to the 

supporting structure; 

- unfavorable running of the grout 

lines on the ship; and 

- extended time for supplying raw 

materials by crane because of 

wind and waves. 

Failures 

The following are incidents which could 

lead to failures: 

- massive loss of grout material in 

the annular gap because of 

damage to the annular grout seal; 

- permanently blocked grout lines; 

- grouting procedure outside the 

working time of the grout; and 

- early-age cycling [5.14][5.6][5.7]. 

Causes of the incidents which could lead 
to failures 

The grout seal could be destroyed due to 

the pile-driving process (post-pilled), the 

placing of the support structure on the 

piles (pre-pilled) or by placing a transition 

piece on the pile. The loss of material 

could not only occur during the grouting 

process, but also at the end of the 

grouting if the seal is not able to take the 

loads of the fresh mortar. 

The running of the lines influences the 

blocking tendency of the grout in the 

lines. However, the fresh concrete 

properties are also important. If the 

consistency is too stiff, the pump 

pressure may exceed the maximum, or if 

the consistency is too soft, sedimentation 

of the material in the lines could occur. 

The breakdowns of a pump, a mixer or a 

crane during raw material supply are also 

a possible reason for blockages. 

Early-age cycling may occur because of 

an unsatisfactory fastening of pile and 

sleeve, and also because of elastic 

deformations of the pile and the sleeve 

because of higher waves than expected. 

Effects of the failure modes 

Consequences of these failures could be 

as follows:  

- the grouted joint is not filled with 

grout or only partly filled; this 

could be caused by destruction of 

the annulus seal or permanently 

blocked grout lines; 

- flaws in the grout or layers with 

unknown material properties; this 

could be caused by changing 

material properties over time and 

a too early setting time of the 

grout; 

- planned material properties are 

not reached because of failures of 

the mixing proportions, mixing 

process, storage, or ambivalent 

temperatures; or 

- sedimentation, segregation and 

damage to the grout matrix 

because of early-age cycling 

movements [5.6][5.7]. 

Examples of failure mitigation 

The following examples of possible 

measures for the minimization of failure 

are reasonable: 

- redundant design of the annulus 

seal [5.8]; 

- a redundant grout line system 

[5.8]; 

- emergency schedules for possible 

failures;  

- strong fixing of the pile and sleeve 

to avoid effects from the early-age 

cycling; 

- preliminary material tests and 

mock-up test;  

- quality management system for 

the grouting process; and  

- conformity tests of the grout prior 

to its offshore use. 
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Figure 5.3: PHA Process for the in situ 

assembly [5.10] 

Exemplarily implementation of the 
examples in the system 

A laboratory test of the grout material and 

mixing and pumping tests could be 

carried out in the early design stage of 

the supporting structure. 

A large-scale pumping test could be 

carried out before the design stage is 

finished, for example, in test facilities 

presented in [5.15], [5.16] and [5.12]. 

An external survey could be implemented 

and external material testing [5.2] for 

each production batch of the grout 

material. 

An annulus seal test and leakage tests of 

the lines and rubber hoses prior to grout-

ing operations could be carried out [5.8]. 

Equipment tests could be carried out prior 

to grouting. 

Documentation of the overflow to check if 

the annulus seal is leaking and if the 

grouted joint is completely filled. Detailed 

information is given in [5.10] and [5.15]. 

Fault Tree Analysis 

Two fault trees were designed to assume 

the probability of failure of two top events 

which are exemplarily chosen. Further-

more, the important basic events could be 

found. 

The first top event is a minor failure 

during the filling process. In this case, the 

grouted joint is completely filled, but a 

minor failure occurs during the filling 

process which leads to a nonconformity 

report (NCR). Consequently, an influence 

on the load-bearing capacity or an 

influence on the fatigue behaviour is 

possible and has to be evaluated case by 

case. 

Table 5.1: probabilities of failure of the 

basic events 

Primary event Probability 

of failure 

Pump: temp. breakdown 0.05 

Mixer: temp. breakdown 0.025 

Crane: temp. breakdown 0.025 

Grout hoses: defective 0.01 

Lubrication mix: not used 0.01 

Grout hoses: poor running 0.05 

Material consistency: not 

pumpable 
0.025 

Grout hoses: impurities 0.05 

Grout material consistency 0.05 
 



Final Report PSA 

 

P a g e |  9 0  

Figure 5.4 shows the fault tree. The 

assumptions for the probabilities of failure 

for primary events are presented in 

Table 5.1. 

The basic events are a temporary 

breakdown of one of two mixers, 

temporary breakdown of the grout pump, 

temporary breakdown of the crane, a 

defect in a grout hose, or a temporary 

blockage of grout hoses. Temporary 

blockages of grout hoses are possible 

because of the poor running of the grout 

hoses, impurities in the grout hoses, 

consistencies of the material which are not 

pumpable, wrong consistency of the grout 

material and when a lubrication mix is not 

used. 

The fault tree was simulated by using the 

software OpenFTA. The probability of 

failure was 26 % for the assumed 

parameters. The dominant primary events 

were a temporary breakdown of the pump, 

impurities in the grout hoses, poor running 

of the grout hoses, and a wrong 

consistency of the grout material. The 

second case represents a major failure 

during the filling process: the grouted joint 

is partially filled or not filled with grout. In 

this case, the grouted joint has to be 

repaired, for example, with a “stinger 

operation”. 

The basic events could be a permanent 

breakdown of two (or all) mixers, 

permanent breakdown of the primary and 

spare pumps, permanently blocked fixed 

grout lines, defective grout seals, or 

collision with a ship or jack-up barge. 

Table 5.2: Probabilities of failure for basic 

events 

Primary event Probability 

of failure 

Pump: perm. breakdown 0.02 

Mixer: perm. breakdown 0.01 

Crane: perm. breakdown 0.01 

Grout lines: blockage 0.05 

Grout seal: defective 0.10 

Ship collision 0.05 

NCR

Pump:
temporarly 
breakdown

Crane:
temporarly 
breakdown

Grout hoses on 
ship:

defective

Grout material
consistency

Grout hoses on 
ship:

temporary blockade

Lubrication mix
not used

Grout hoses:
poor running

Material 
consistency not 

pumpable

Grout hoses:
impurities 

inside

Mixer

Mixer 1:
temporary 
breakdown

Mixer 2:
temporary 
breakdown

 

Figure 5.4: Fault tree with top event NCR 
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Grouted joint
defect

Mixer

Mixer 1:
permanent 
breakdown

Mixer 2:
permanent 
breakdown

Pump

Pump 1:
permanent 
breakdown

Pump 2 (spare):
permanent 
breakdown

Crane:
permanent 
breakdown

Grout seal:
defective

Grout line:
substructur

blockage
Ship collision

 

Figure 5.5: Fault tree with the top event grouted joint defect 

The fault tree is shown in Figure 5.5 and 

the assumed probabilities of failure for the 

basic events are presented in Table 5.2. 

In this case, the probability of failure for 

the top event was 22 %. Dominant 

primary events are a defective grout seal, 

a blocked grout line on the substructure 

and a collision with a ship. 

The probability of failure is for example 

for the top event about 18 % using 5 % 

for the probability of failure for the basic 

event “grout seal: defective”. Furthermore 

by using additionally 2.5 % for the basic 

event “grout lines: blockage” the 

probability of failure is reduced to 15 % 

for the top event. 

With the knowledge of the dominant basic 

events, it is possible to prevent these 

events in order to minimise the probability 

of failure of the top event. 

Laboratory Testing Facility 

Experimental simulations of failure modes 

are essential to evaluate the influence on 

the material behaviour. However, firstly, 

the in situ material behaviour of the grout 

of undisturbed filling processes has to be 

evaluated. 

Therefore, a laboratory scaled test facility 

was developed. The laboratory test 

facility is based on a grouted joint with a 

pile diameter of 3 m (Figure 5.6). The 

grout length of the connection is 6 m high, 

and the grouted joint is supplied with 

grout via four inlets.  

Because of the assumption that the gap is 

filled by four inlets, we adopted a 

segment of ¼ of the whole arc length for 

the testing facility. The segment was 

downscaled by 1:4 to get a test facility 

which is easy to handle in the laboratory 

and also suitable for parametric studies. 

A transparent front panel was used to 

observe the filling process. The formwork 

will be filled by a grout pump with a 1 inch 

hose and inlet, as shown in Figure 5.7. 

The width of the gap is flexible from 1 cm 

up to 20 cm. 
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Figure 5.6: Basic principle of the 

laboratory testing formwork [5.10] 

The laboratory testing formwork will be 

filled with two batches of grout. Cement 

slurry is used for the lubrication of the 

grout hose. Firstly, the filling process will 

be observed optically. After one day of 

hardening, the formwork will be dismantled 

and prismatic samples will be generated 

from the wall for compressive strength 

tests. These test samples will be 

compared with a set of standard test 

specimens. 

 

Figure 5.7: Laboratory testing facility [5.10] 

Experimental Investigations 

A standard grout material for offshore 

purposes was used for the experimental 

investigation. Firstly, an undisturbed filling 

process was simulated without water 

inside the gap of the formwork.  

The results showed a minor negative 

effect of the filling process on the 

compressive strength. However, a 

negative effect of water inside the gap was 

observed mainly in the upper and lower 

part of the test wall. An “overflow” of the 

grout material out of the gap is 

recommended to reduce this effect [5.15]. 

Two failure modes, which represent one 

basic event of each developed fault tree, 

were exemplarily simulated. 

The experimental simulation of the first 

failure mode represents a temporary stop 

of the filling process, which led to an NCR. 

Twenty centimetres of the formwork was 

filled with water, and a lubrication mix was 

used prior to grouting. Half of the testing 

formwork was filled with grout. After a stop 

of approximately 3.5 hours, the formwork 

was filled up to the top. A small amount of 

material was lost due to the overflow.  

Figure 5.8 shows the results of the 

compressive strength in percent in relation 

to standard test specimens. The picture on 

the left shows the surfaces of the test wall, 

and on the right, an interpolated map of 

the relative compressive strength. The 

values on this map were used for the 

interpolation. 

This failure mode shows an almost 

general reduction of the compressive 

strength up to 39 %. However, the mean 

value was higher at 90 %. 

 

Figure 5.8: Failure mode 1: blocked line for 

3.5 h, lubrication mix, 20 cm water [5.11] 

The simulation of the second failure mode 

represents a permanently blocked grout 

line after filling half of the grouted joint. 

The grouted joint was completely filled 
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after a break of 2.5 hours with the 

contractor method from the top by using a 

“stinger” as a repair action. The time 

should represent the time to carry out the 

modification for the “stinger operation” and 

insert the “stinger” into the grouted joint. 

This method is well-known as “grouting 

with a stinger” in the offshore oil and gas 

industry [5.14]. The gap in the formwork 

was filled with water up to 20 cm prior to 

grouting and a small volume of material as 

overflow was accepted. 

Figure 5.9 shows the results of the 

simulation of the second failure mode 

according to Figure 5.8.  

A reduction of the compressive strength 

up to 59 % was observed in the upper and 

the lower parts of the test wall. Equal 

values for the compressive strength were 

found in the lower middle part of the wall. 

Here, the mean value is 83 %. 

 

Figure 5.9: Half-filled grouted joint, stinger 

operation, lubrication mix, 20 cm water 

[5.11] 

The failure modes presented show that an 

influence on the load-bearing capacity of 

grouted joints is possible and has to be 

taken into account. 

Failure mode 1 shows a minor reduction of 

the compressive strength in the middle 

area of the test wall. Fewer reductions of 

the compressive strength should be 

expected by using a large volume of grout 

material for the overflow. 

Failure mode 2 shows greater reductions 

in larger areas of the test wall. However, 

high values for the compressive strength 

are also present in the areas where the 

repair action took place. 

Detailed information and more simulated 

failure modes are presented in  [5.11]. 

4.5.5 Conclusions 

Important influences of offshore conditions 

on the material properties of grout and on 

the in situ assembly were found. The 

influencing factors were analysed and 

separated into four groups: grout material, 

application method, offshore conditions, 

and the type of construction. Manifold 

influences on the in situ assembly were 

found which vary from case to case. 

Main influences are the diverse tempera-

ture conditions, wind, and waves. 

Furthermore long grout hoses length and 

the length and size of grout lines, the 

exposition of the grouted joint and the size 

of the gap between pile and sleeve are 

important variables. 

With this knowledge, a basic PHA was 

carried out. The analysis included a 

system design analysis, undesirable 

system states carried out, failures, 

evaluation of the risks, and recommended 

corrective actions for the in situ assembly. 

Top and basic events were found for fault 

tree analysis (FTA) within the PHA. Two 

fault trees were designed; firstly, a minor 

failure, e.g. extended filling times, and 

secondly, a major failure, e.g. an in-

completely filled grouted joint. The 

probability of failure was determined for 

both events using the software OpenFTA. 

A probability of failure about 26 % was 

determined for the top event “NCR” 

(extended filling time).  

The second fault tree with the top event 

“defect grouted joint” has a probability of 

failure about 22 %. Here the grout seal 

was the most important basic event. The 

probability of failure for “defect grouted 
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joint” could be reduced by improving the 

grout seal (from 0.1 to 0.05) to 18 % and 

by improving additionally the grout lines 

(from 0.05 to 0.025) to 15 %. 

The laboratory testing facility was devel-

oped for the evaluation of the influence of 

different failure modes on the material 

behaviour of the grout. Exemplarily failure 

modes were simulated and analysed e.g. 

a temporary blocked grout line and a 

“stinger operation” as repair action for a 

defect grouted joint. The experimental 

simulation of the temporary blocked grout 

line show a reduction of the mean value to 

10 % and partly up to 39 % of the 

compared compressive strength. A 

reduction of the mean value of the 

compressive strength for the repair action 

“stinger operation” was determined to 

17 % and partly up to 59 %. 
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4.6 Monitoring of mechanical 

Components (WP 6) 

Institute for Machine Design and 

Tribology (IMKT) 

Gerhard Poll, Roman Böttcher 

4.6.1 Abstract 

Technical systems are subjected to 

damage mechanisms with a stochastic 

distribution of failure probability. Therefore, 

the exact time of failure of mechanical 

components in the drivetrain of offshore 

wind turbines e.g. due to rolling fatigue of 

bearings in the gearbox cannot be 

predicted. The use of condition and load 

monitoring systems together with the basic 

understanding of damage mechanisms 

allows the early detection of damages in 

mechanical components and as a result 

their timely repair to prevent expensive 

secondary damages and downtimes. 

Work package 6 therefore deals with the 

development and evaluation of analyzing 

methods of vibration based condition 

monitoring systems, the evaluation of 

experimental vibration pickups as well as 

the examination of force sensors for screw 

connections suitable to monitor the forces 

on bearings and structural components. 

4.6.2 Objective 

The number of installed wind turbines 

grows dramatically as well as the power of 

newly developed turbines in light of the 

turnaround in energy politics towards 

renewable energies. In addition, there are 

an increasing number of wind turbines 

installed or planned to be installed in near 

and far offshore conditions. Offshore wind 

turbines (OWT) are more difficult to access 

which results in a longer downtime in case 

of a failure that has to be repaired.  

Damages in the mechanical drive train of 

wind turbines e.g. on rolling element 

bearings, cannot be determined and ex-

cluded in advance sufficiently. The aim of 

work package 6 therefore is the develop-

ment and optimization of monitoring and 

diagnosis systems that should be 

applicable to OWT to provide reliable 

operation and efficient maintenance 

through early detection of damages and 

force monitoring. It also helps to achieve 

basic knowledge during experimental 

studies on single components of the OWT 

drive train. 

4.6.3 Approach 

The approach of work package 6 is 

divided into two parts. One part focuses on 

condition monitoring systems (CMS) for 

large size bearings, the other part deals 

with methods for the measurement of 

forces on components attached with screw 

connections. 

Condition Monitoring of large Size 
Bearings of Wind Turbines 

Fatigue damages of rolling element bear-

ings as a result of repetitive overrolling 

occur even under ideal lubrication 

conditions and are typically distributed 

stochastically. For the dimensioning of 

bearings, a failure probability can be 

calculated in regard to rolling fatigue. 

Dynamic loads can be approached by 

histograms with a finite number of 

simplified static values. Thereby, short 

time events with high loads, e.g. wind 

gusts on the wind side or short circuits on 

the electric side of a wind turbine cannot 

be taken into account as well as the 

sequence of the load distribution when 

calculating over an estimated life time of a 

turbine of 20 years. Non-stationary loads 

and interactions of the lubricant and the 

bearing material induce additionally 

particular effects, such as slip of rolling 

elements with subsequent smearing 

damages or white etching cracks (WEC) 

that can reduce the lifetime of bearings in 

wind turbines dramatically, see [6.9], [6.6] 

(selection). The risk of slip increases with 

growing bearing dimensions on account of 

an increasing mass-inertia of the rolling 
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ms of bearings are not yet investigated 

sufficiently and are therefore not even 

implemented in their lifetime prediction.  
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Damages in the raceways of rolling 

element bearings produce a shock pulse 

repetition when rolled over repeatedly. The 

frequency of the pulse repetition depends 

on the geometry of the bearing, damage 

location (inner ring, outer ring, cage or 

rolling element) and the rotational speed.  

To detect pulse shocks of damages in the 

best possible way, acceleration sensors 

have to be mounted in load direction and 

as close as possible to the specific bearing 

and its loaded zone. Every interruption in 

the propagation of the pulse shock through 

the elements carrying the bearing such as 

close or loose fits acts as a damping of the 

signal. 

However, several bearings can be 

monitored by only one sensor in practice 

by taking advantage of transmission 

properties of structural components. The 

particular mounting position of vibration 

pick-ups has to be selected carefully with 

regard to transmission behavior at all 

desired frequencies. The certification 

guideline of Germanischer Lloyd for CMS 

in wind turbines demands at least six 

acceleration sensors on main shaft, 

gearbox and generator, [6.1]. Figure 6.1 

shows an actual approach with seven 

sensors, which are mounted both radially 

and axially, at different parts of the drive 

train of a wind turbine.  

 

Figure 6.1: Minimum number of sensors 

[6.3] 

The vibrational signal measured by means 

of acceleration sensors cannot be 

analyzed directly because of an amplitude 

modulation with  other vibrations of higher 

frequencies which result e.g. from 

structural vibrations, tooth meshing 

frequencies or additional components for 

operation. Current condition-monitoring-

devices use low-pass-filters to separate an 

envelope curve with the interesting part of 

the signal from the overall signal. Cut-off 

frequency, filter type and order of the filter 

have to be adapted for different rotational 

speeds and every gearbox. This approach 

requires that the modulated vibrations and 

the transmission behavior of the structural 

components do not vary during operation 

and life time of the wind turbine. The 

envelope curve produced by filtering can 

be distorted due to transient response or 

overshoots.  

The envelope curve has to be transferred 

to a frequency spectrum by help of FFT, 

where amplitudes of characteristic 

overrolling frequencies can be evaluated 

to detect damages. Depending on the 

movement of the bearing parts, harmonics 

show up in the frequency spectrum, too. 

While operating with variable speed, the 

original vibration signal can be frequency 

modulated additionally. This influence can 

be removed by use of an order tracking 

analysis instead of frequency spectrums. 

The design of drive trains in wind turbines 

changes with increasing size and power. 

In partly integrated designs as shown in 

Figure 6.1, one bearing of the rotor is 

integrated into the gearbox. To reduce the 

tower head mass further, integrated drive 

trains were developed, where rotor and 

gear box as well as gear box and 

generator are connected directly without 

the use of intermediate shafts. Therefore, 

more rotating parts emit vibration signals 

in the housing of the gearbox, making it 

less easy to separate certain pulse shocks 

of bearing damages in signals measured 

with acceleration sensors. 

Further space savings and the utilization 

of medium speed generators or higher 

gear ratios for slower rotating rotors could 

be achieved by the substitution of spur 

gears with planetary gears. Due to the 

compact design, planetary gear levels 
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have a high material damping on vibration 

signals e.g. from overrolled failures in 

bearings. The shock pulses of damages in 

planetary bearings have to be transmitted 

resp. modulated by the tooth meshing of 

the planetary stage before it could be 

measured by acceleration sensors on the 

outside of the gearbox housing. The tooth 

meshing frequency of the planetary stage 

is very low due to the low rotational speed 

of the rotor. The planet wheels rotate 

around themselves and also rotate with 

their carrier. Pulse shocks emitted by 

damages in the planetary bearings there-

fore change direction and position in 

regard to stationary acceleration sensors 

on the gearbox. Damages in planetary 

bearings are therefore difficult to detect 

with conventional CMS-analysis-methods, 

especially when the damages are in an 

initial stage and emit only minute shock 

pulses.  

It was intended to evaluate the perfor-

mance of a new analyzing procedure for a 

condition monitoring system that was 

developed at IMKT, see [6.7], by help of a 

large size bearing test rig. The analysis 

method was already tested on small 

cylindrical roller bearings (CRB) with 

constant load and high speed, see [6.8]. It 

uses a Hilbert transformation to get an 

envelope curve without the use of filters. 

Small shock pulses can be remodulated 

reliably from the overall vibration signal. It 

is therefore ideal for the application at 

planetary gears or otherwise challenging 

drive train components of wind turbines 

respectively their gear boxes and bearings 

under dynamic operation conditions. 

The large size bearing test rig that is 

operated by IMKT was designed for 

experimental investigations with large size 

bearings under various conditions, espe-

cially those that may cause unexpected 

bearing damages or failures in practical 

applications. The test rig consists of a 

single test bearing and also two cylindrical 

roller bearings and one radially relieved 

four point bearing as support bearings. 

The axial and radial load as well as tilting 

can be applied by means of hydraulic 

cylinders both in tension as well as in 

compression. In addition the test bearing 

can be operated optionally with a rotating 

inner or a rotating outer ring.  

Figure 6.2 shows all accessible positions 

on which acceleration sensors were 

mounted on the large size bearing test rig 

to cover as many loaded zones of each 

bearing as possible. 

 

Figure 6.2: Drive train layout wind turbine for CMS-test
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In addition to commercial acceleration 

transducers that utilize shear of a piezo-

ceramic by a seismic mass to measure 

vibration signals, experimental sensors 

were bonded to the test rig in direct vicinity 

to proven sensors, see Figure 6.3.  

 

Figure 6.3: Amplifier and experimental 

vibration pick-up 

These sensors use the lateral piezoelectric 

effect and require less space and are 

lighter than their traditional counter parts. 

While the latter have integrated electronic 

components to convert a charge, gen-

erated by a deformation of the piezo-

ceramic, to an output voltage, a detached 

amplifier has to be used to operate 

experimental sensors. 

Furthermore to an utilization on the test 

rig, basic examinations regarding the 

sensitivity on elongation, temperature 

behavior and electromagnetic compatibility 

(EMC) were performed with experimental 

sensors in individual test set ups. Thereby, 

defined shock pulses were generated by 

help of a modal hammer. 

Since it isn’t supposed to perform life time 

tests on the large size bearing test rig, it is 

difficult to determine the frequency-

weighted level of acceleration of real 

fatigue damages during scheduled tests. 

Therefore, a separate test bearing for the 

large size bearing test rig was acquired, 

that is kept available for tests with an 

aimed damage by scratching or the 

application of small welding seams.  

In the meantime, an opportunity arose to 

perform measurements on a real wind 

turbine. The installation of sensors and a 

data acquisition system was given priority 

to experiments in the test lab. The 

particular wind turbine was built in 

woodland with a hub height of 100 m and 

1,5 MW of power. It has a partial 

integrated drive train, where main bearing, 

 

Figure 6.4: Drive train layout wind turbine for CMS-test 

MB 
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gearbox and generator are fixed sepa-

rately on the nacelle, see Figure 6.1. In a 

partial integrated drive train, the gearbox is 

used as the second bearing for the rotor 

shaft instead of a separate second rotor 

bearing. 

Figure 6.4 shows a scheme of the drive 

train. The rotorshaft is supported by one 

main bearing (MB, spherical roller bearing) 

and the input shaft of the gearbox. The 

gearbox contains one planetary stage and 

two spur wheel levels. The planetary gear 

is supported by two cylindrical roller 

bearings (A1 & A2), each of the three 

planets contains two double-row CRBs 

(B). Each shaft of the spur gears (C, D and 

E) is supported by two CRBs for radial and 

one four point contact bearing for axial 

loads. The generator contains two deep 

grove ball bearings (G1 & G2). 

 

Figure 6.5: Acceleration sensors (radial 

position) underneath the gearbox 

To measure the vibrations generated by 

the overrolling of the bearing parts and 

possible failures on their surfaces, two ac-

celeration sensors were mounted radially 

on the generator, one for each generator 

bearing. Another four sensors were 

mounted radially on the gearbox. A sev-

enth accelerometer is located axially on 

the generator side of the gearbox, where 

the four point contact bearings emit shock 

pulses in axial direction in case of 

damage. To attach the acceleration sen-

sors, mounting pads were bonded to the 

outside of the drive train components. The 

accelerometers were threaded on them, 

see Figure 6.5. The sensor positions were 

chosen in regard to the load direction of 

the bearings to detect the shock pulses in 

their direction of propagation if possible.  

The eighth analog input channel of the 

data acquisition device is allocated to a 

laser distance sensor measuring the axial 

position of the gearbox that varies due to 

rotor thrust. It is supposed to use the 

eighth input channel for another accel-

eration sensor on the main bearing later 

as well. 

While utilizing a condition monitoring 

system in serial application, system data 

such as wind speed, power and rotary 

speed of the generator can be received 

directly from the control system of the wind 

turbine. For our experimental setup and to 

be autonomous, own rotational speed 

sensors were installed using inductive and 

optical proximity switches and appropriate 

marks on the output shaft of the gearbox. 

With known transmission ratios of the 

gearbox, the rotational speed of each 

bearing can be calculated and utilized for 

an evaluation of the measured frequency 

spectrum regarding particular overrolling 

frequencies.  

 

Figure 6.6: Wired data acquisition device 

The data acquisition device shown in 

Figure 6.6 is operated stand-alone without 

the use of further computers on the wind 

turbine. Data measured periodically are 

saved on an internal storage and can be 

downloaded by help of a wireless data 
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connection regularly. Evaluation routines 

were programmed to analyze the vibra-

tions signals in the order spectrum 

depending on different sensor positions 

and the particular bearing type and size. 

Preload of Screw Connections 

Since most of the bearings in gearboxes 

of wind turbines are carried by housing 

parts that are bolted together, actual 

forces on bearings could be examined by 

measuring of preload forces on their 

screw connections. Different sensorized 

washers that enable the measurement of 

preload forces can be already purchased. 

These sensors use either strain gages or 

piezoceramics. However, both 

measurement principles as well as the 

determination of preload forces by 

ultrasonic measurement have 

characteristics that are not compatible 

with one of the following requirements for 

this particular application in OWT: 

 measurement of both static and 

dynamic loads 

 retrofitable 

 durable 

 simple design 

 no influence on the stiffness of 

screw connections 

 

Figure 6.7: Schematic configuration of a 

piezoresistive sensor 

To match all requirements listed above, 

new sensors are developed by 

Frauenhofer IST from Braunschweig, see 

[6.4], and DLR in Cologne. These sensors 

consist of microstructured layers on a 

steel substrate, as shown in Figure 6.7, to 

take advantage of the piezoresistive 

effect as described first in [6.10]. The 

sensor layer based on diamond-like-

carbon (DLC) allows to measure forces 

by means of a change of resistance 

without significant deformations in 

contrast to strain gauges. It was intended 

to evaluate characteristics of these novel 

sensors, e.g. transmission behavior, 

influence of temperature and drift with 

static basic tests as well as in an 

application to measure static forces in a 

lifetime test rig for smaller bearings. The 

test rig was redesigned to test the 

sensors under static conditions during a 

student research project. The relevant 

sensor should match in screw size and 

measurement range to applications of 

screw connections for large size bearings 

and OWT. After basic investigations with 

static loads, the sensor ought to be 

applied to the large size bearing test rig to 

measure forces under dynamic conditions 

similar to those in OWT. Relevant screw 

connections on the large size bearing test 

rig are indicated in Figure 6.2. Some of 

them lay in direct flux of the rigs test force 

while the change of screw preload forces 

due to test forces is also affected by 

friction between components on other 

screw connections. 

Unfortunately, despite lengthy efforts it 

was not possible to satisfactorily obtain 

sensors for a relevant screw size with an 

integrated conduction layer by 

Frauenhofer IST, where connection 

cables could be soldered directly, see 

Figure 6.8. Instead, coated washers were 

provided as an alternative solution by 

DLR in the end, were the electrical 

connection should be established by 

electrodes getting in touch with the 

coating. Figure 6.9 shows the utilized 

sensor arrangement with two coated 

washers and two electrodes. In addition, 

the behavior of existing experimental 

sensors for smaller screw connections 

(M8) as shown in Figure 6.8 was 

investigated at first.  
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Figure 6.8: Piezoresistive sensor-washer 

for smaller screw sizes (M8) with directly 

connected cables 

The change of electrical resistance of the 

piezoresistive sensor layer respectively the 

resulting voltage drop when exposed to 

load was measured by help of a quarter 

bridge. The bridge circuit was balanced 

before the test force was applied. To 

protect the junctions, where the connec-

tion cables are soldered to a conduction 

layer on the sensor for M8 screws, the 

load was induced in the active micro-

structured sensor areas by help of an 

appropriately shaped shim.  

 

Figure 6.9: Sensor washer for M16 screw: 

sensor system (left), coated washer (right) 

4.6.4 Results 

Condition Monitoring of large Size 
Bearings of Wind Turbines 

Before it was decided to perform measure-

ments on a wind turbine, first measure-

ments could be completed on the large 

size bearing test rig during scheduled tests 

with a spherical roller bearing (SRB). The 

plotted curves in Figure 6.10 represent 

added up amplitudes of the characteristic 

overrolling frequencies and their harmon-

ics of both inner and outer ring of the test 

bearing. The related vibration signal was 

recorded during non-continues investi-

gations over several weeks with different 

operation conditions by an accelerometer 

on the housing of the large CRB, marked 

as III in Figure 6.4.  

The magnitude of the pulse shock 

measured as acceleration signal depends 

on the particular operation condition. An 

increase in the characteristic value of the 

acceleration can be observed in 

Figure 6.10. This can be partly attributed 

to an increasing of speed and radial force 

with every test step after week two. 

However, the last tests were performed 

with identical operation conditions, so that 

the increase in the characteristic value of 

the inner ring can be assigned to a change 

in the raceway surface leading to more 

distinct pulse shocks. Another indicator for 

modifications of the inner ring raceway 

could be observed, too. The distinct 

pattern in the frequency order spectrum 

will be described when showing the 

measurements from the wind turbine. 

 

Figure 6.10: Envelope curve trend of a test 

bearing at the large size bearing rig 

After dismounting, the test bearing showed 

no fatigue failures but small indentations 

due to particles in the raceways of the 

inner ring. Thus, by help of the condition 
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monitoring system, even small damages in 

the bearing raceway could be detected 

even before the functionality of the bearing 

was influenced. 

Figure 6.11 shows the response on a 

single mechanical impulse of both 

conventional and experimental vibration 

pick up mounted respectively bonded on 

the large size bearing test rig as pictured 

in Figure 6.3. The plotted signal of the 

experimental pickup with an external 

amplifier shows a better transmission 

behavior with less damping due to a more 

direct coupling to the component. The fade 

out of the structural vibration as a result of 

the mechanical impulse applied on the 

housing of support bearing III, see 

Figure 6.2, can be observed longer and 

more clearly. 

 

Figure 6.11: Impulse response in time 

domain of both conventional and 

experimental vibration pick up 

During basic investigations, a distinct de-

pendency of the transmission behavior as 

well as the signal-to-noise characteristic 

from the temperature could be observed. 

The cause of this effect could be the 

pyroelectric effect that describes a charge 

displacement due to temperature gradi-

ents in the piezoceramic. Conventional 

sensors using the shear effect of the 

piezoceramic are less sensible to this 

effect. With rising temperature, the meas-

ured amplitude of the vibration signal sank 

and the noise level rose.  

The experimental pickup has no con-

ductive housing in contrast to a 

conventional acceleration sensor. How-

ever, the observed effect of defined 

electromagnetic interferences on the 

measured signal was less pronounced. 

The interference was applied by help of an 

air-core coil close to both sensors and with 

selected frequencies. Instead of the test 

frequencies, the grid frequency affects the 

signal measured while using the experi-

mental pickup distinctly. This interference 

cannot be assigned to the experimental 

sensor only, since the whole measurement 

chain can be affected. 

Dynamic loads have an effect on the 

output signal of the experimental sensor 

since they deform the piezoceramic just 

like mechanical vibration in the object they 

are applied to. Static loads cannot be 

monitored with piezoelectric sensors. The 

small charge within the sensor generated 

by the charge separation as a result of the 

deformation of the piezoceramic is dis-

charged continuously through the internal 

resistance of the charge amplifier or 

connected measuring instruments. The 

effect of dynamic loads could be observed 

by help of experimental pickpups bonded 

to a structure together with strain gages. 

The structure was loaded resp. relieved 

rapidly to achieve a dynamic change of 

load on the experimental sensors.  

 

Figure 6.12: Measured load and output 

voltage of an experimental sensor while 

relieving a test load 
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The output voltage of one experimental 

sensor and its response to a relief of a test 

load is shown in Figure 6.12. The output 

signal rises with a change of load, 

overshoots in negative direction and 

approaches zero level. It can be observed, 

that the signal is smoothened in some 

parts of the signal. Since this behavior 

couldn’t be noticed while measuring the 

output of the sensor directly, a 

characteristic of the charge amplifier has 

to be responsible. It seems to filter 

superimposed vibrations and therefore 

affects the recording of vibration signals 

negatively. 

Additional investigations will be performed 

subsequent to this project e.g. regarding 

the performance of different charge 

amplifiers and the interaction of sensor 

and adhesive with oil and its components. 

The installation and operation of a 

condition monitoring system in a wind 

turbine gave knowledge not only about 

vibration analyzing in real application but 

also about requirements to the hardware 

of the CMS. The installation and use of a 

mobile network router for a transfer of 

measured data was necessary since the 

data infrastructure in the wind park was 

not sufficient and reliable enough at first. 

However, it also turned out, that stationary 

mobile network connections carry their 

own risks. To bypass power failures or 

power cuts and overvoltage that occur 

occasionally, an uninterruptible power 

supply was installed, too. 

The first measurement step was 

performed during a start-up of the wind 

turbine to detect natural frequencies of the 

gear box elements. Figure 6.13 shows 

Campbell diagrams of this start-up for two 

different sensor positions. The system’s 

response as a frequency spectrum is 

displayed versus the rotational speed of 

the high speed shaft of the gear box. The 

color indicates the amplitude of the 

vibration level with blue for low and red for 

high levels. Lines parallel to the ordinate of 

the plot indicate speed independent 

eigenfrequencies while diagonal lines 

through the origin of the plot indicates 

speed dependant resonant frequencies 

resp. the rotational speed of the system. 

Both Campbell diagrams show different 

responses although the excitation of the 

system was identical. Vibration signals 

measured on the planetary gear level are 

exposed to more damping due to the 

effects already described. Signals with 

higher frequencies suitable to transmit 

pulse shock signals from bearings by a 

modulation are missing for the measuring 

position on the outside of the rotor gear, 

see Figure 6.13 on the right side. 

As already mentioned before, the over 

rolling frequencies of single bearing parts  

  

Figure 6.13: Campbell diagram of a start-up measured with an acceleration sensor near a spur 

wheel stage (left) and on the planetary stage (right) 
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depend on their geometry and the 

rotational speed of the bearing. Since the 

bearing sizes in a wind gear box decrease 

from rotor to generator with decreasing 

torques while the rotational speed 

increases, the over rolling frequencies of 

the single bearings and their related 

elements differ and can be therefore 

identified in a frequency or order spectrum 

of the vibration signal. 

While operating with variable speed, the 

original vibration signal can be frequency 

modulated. By using an order tracking 

analysis instead of a frequency spectrum, 

the problems induced by a frequency 

modulation can be avoided. For this 

purpose, the actual rotational speed has to 

be measured as well. An order spectrum 

contains a distribution of accelerations 

over multiples of the rotational speed 

instead of frequencies in Hz. Figure 6.14 

shows two order spectra of datasets 

recorded with the same radial sensor on 

two different days of operation with similar 

rotational speed.  

The measured signal of both measure-

ments transferred to an order spectrum by 

the analysis procedure as described in 

[6.7] is plotted in blue. The characteristic 

order of the outer ring and three of its 

related harmonic orders are marked 

magenta. The areas framed in green 

contain the rotational speed and two 

harmonics (order one, two and three) as 

well as the characteristic order of the inner 

ring (order 10,85), its harmonic order 

 

 

Figure 6.14: Order spectra based on measurements with acceleration sensor 1 on different 

days of operation: 18.07.2013 (top) and 28.10.2013 (bottom) 

order 

order 
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(order 21,7) and four sidebands (distance 

+/- one and +/- two orders from the inner 

ring frequency resp. the harmonics) for 

each of them. The over rolling frequencies 

belong to a cylindrical roller bearing on the 

high speed shaft. 

An increase in the level of the signal 

components at the over rolling frequencies 

of the inner and outer ring can be 

identified. This variation also shows up in 

other datasets of the same period of time 

and sensor position. However, It could not 

be found in the characteristic spectrum of 

other bearings in the particular gear box. 

Considering the experience made with 

smaller bearings and the experimental 

validation on the large size bearing test 

rig, the vibration levels don’t seem to be 

high. Nevertheless, the pronounced 

appearance of the characteristic inner ring 

order with its harmonic orders and 

sidebands can already indicate a 

beginning modification of the bearing 

surface on the inner ring as experienced in 

earlier investigations with CMS. 

Unfortunately, from the point of view of 

research, stagnation was observed after a 

growth of the inner ring specific signal 

level in the beginning of the measure-

ments. Figure 6.15 shows the order 

spectrum of the same bearing for a 

multitude of measurement series recorded 

over seven months after the growth of the 

inner ring specific signals. The plot 

contains measurements at different 

rotational speeds of the drive train. It can 

be seen that the higher amplitudes - 

measured at nominal speed - of the 

characteristic over rolling frequencies resp. 

their harmonics of the inner ring (marked 

IR1 to IR7) and its sidebands as well as 

the frequencies of the outer ring (AR1 to 

AR6) are nearly constant over the 

recording time. The inner ring related over 

rolling frequency with its characteristic 

sidebands can be tracked to its seventh 

harmonic order easily. The rotary frequen-

cy and its harmonics occur in the region of 

the order spectrum marked with n. The 

measurements on the wind turbine will be 

continued after completion of this project. 

An acceleration sensor on the main

 

Figure 6.15: Waterfall display of measurement series with acceleration sensor 1 over a period 

of seven month 
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bearing of the wind turbine will be 

retrofitted in addition to a new attempt of 

using the local network of the wind park for 

data transfer. If a signal level of an over 

rolling frequency rises, the particular 

bearing will be inspected with a borescop 

to gain knowledge about the extent of the 

damage.  

Preload of Screw Connections 

While loading the preload force sensor for 

a M8-screw-connection with a static force 

by help of different weights, it was 

observed, that the measured bridge 

voltage approaches delayed to an end 

value. Therefore, the measurement was 

recorded in defined time steps after 

loading. The load was increased stepwise. 

The sensor washer was fully relieved after 

the highest load was reached and before 

the load and measuring procedure was 

repeated. 

 

Figure 6.16: Measured bridge voltage on a 

piezoresistive force washer for M8-screw-

connections for different loads 

The bridge voltage measured for different 

loads and time steps is shown in 

Figure 6.16 as a mean value of several 

repetitions of each parameter combination 

with related error bars. It can be observed 

that the transmission behavior of the 

sensor is not linear. The sensitivity 

decreases with increasing load. The 

measured bridge voltage varies further 

after the first time step. The statistic 

deviation of each measuring point is 

similar. Since the sensitivity decreases 

with increasing load, the accuracy is 

reduced with rising load. The loads 

examined for the small force sensor were 

low, since the loading capacity resp. the 

permissible surface pressure of the sensor 

layer was unknown. Since the contact 

shim is only supported on the 

microstructured areas as shown in 

Figure 6.8, the contact area is small. 

The sensors for M16-screw-connections 

had to be conducted by additional washers 

appearing as electrodes. To preserve the 

stiffness of the screw connection, steel 

electrodes were used at first. Since the 

repeat accuracy of this sensor setup 

wasn’t satisfactory enough, copper 

electrodes were used for further 

experimental investigations. Applying 

microstructured elements and conduction 

layers on the force washers for bigger 

screw connection was not pursued due to 

cost reasons. 

 

Figure 6.17: Measured bridge voltage 

(mean value) on a piezoresistive force 

washer for M16-screw-connections for 

different loads 

The M16 sensor was loaded by help of a 

hydraulic press. A load cell was used in 
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the path of force in order to measure the 

applied loads. The sensor showed no 

delay in its response characteristic. 

Figure 6.17 contains the mean value of 

recorded bridge voltages from different 

measurements. The sensor was relieved 

between each measurement. The trans-

mission behavior is nonlinear, too, but is 

not overly degressive. The statistic 

deviation pictured as error bar is smaller in 

relation to the slope of the plotted curve 

compared to the M8-force-sensor as long 

as the parts of the sensor setup were not 

moved against each other when relieving 

the force. Lacks of accuracy when 

changing the mounting position e.g. due to 

a rotation of sensor parts against each 

other can be observed on commercial 

donut load cells, too, see [6.2]. A 

calibration before the sensor is mounted in 

the particular application is therefore only 

possible with limitations to accuracy. 

Irrespective of the statistic deviation, the 

changes in the bridge value due to a 

loading are small and therefore difficult to 

measure when the sensor is operated in 

the real application with convenient 

measuring equipment and interferences. 

The electrical bridge was operated with a 

bridge supply voltage of 30 V. A higher 

supply voltage, e.g. of 300 V, would result 

in a higher bridge voltage. This variation of 

the setup was nevertheless declined due 

to the effort necessary to ensure the 

security of the user. 

Due to the unexpected delay until the 

sensor washers could be obtained, further 

examinations regarding influences on the 

output signal could not be performed 

within this project. Nevertheless, the 

investigations will be continued. 

4.6.5 Conclusions 

A condition monitoring system based on 

the evaluation of vibration signals and a 

more precise and therefore more reliable 

analysis method could be tested success-

fully on a large size bearing test rig and on 

a real wind turbine. This method was 

developed in the research center and was 

already used for an identification of 

bearing damages on a life time test rig for 

smaller bearings successfully. Measuring 

systems were installed and optimized 

regarding the particular demands of large 

size bearing test rig and wind turbine. This 

includes the installation of acceleration 

sensors, speed sensors and equipment for 

data transfer. By using the analysis 

method, modifications of the bearing 

surface due to particles could be detected 

on a test bearing of the large size bearing 

test rig. A peculiar pattern in the order 

spectrum of one of the 16 bearings of the 

gear box installed in the wind turbine has 

been found that could be an indication for 

an upcoming damage.  

The condition monitoring system on the 

test rig will be utilized further to identify 

damages on the rigs components 

especially on those bearings that aren’t 

supposed to be exchanged regularly. The 

measurements on the wind turbine will be 

continued and even extended to gain 

knowledge about the bearing behavior 

respectively their vibration signals in case 

of damages as well as the long time 

performance of the measuring systems. 

Experimental vibration pickups were 

tested in an application on the large size 

bearing test rig in direct comparison to 

conventional acceleration sensors as well 

as in basic investigation aimed to identify 

disturbance variables. Due to a more 

direct coupling to the structural 

components housing the examined 

bearing, the experimental vibration sensor 

showed a better transmission behavior 

with less damping effects. However, the 

experimental sensor also had a higher 

sensitivity towards disturbance variables 

when compared to a commercial 

acceleration sensor. Some identified 

influences on the signal of the 

experimental vibration sensor can be 

assigned to its operating principle, other 

on the measurement chain. Further 

investigations will be performed regarding 

alternative charge amplifiers, the 

quantification of disturbance values and 
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their possible utilization as useful signal. 

The long term goal is to utilize an 

experimental acceleration sensor inside a 

wind gear box as close as possible to a 

bearing to achieve an even more early 

recognition of damages on bearings that 

are difficult to monitor by help of sensors 

on the gear box housing. 

The examination with coated sensor 

washers for M16 screws showed satis-

factory results regarding transfer curve 

and statistic deviation in the laboratory. 

However, further developments have to be 

considered to ensure an operation in 

practical application. Both sensors 

examined in this project did not have a 

galvanic isolation protecting against 

electrical influences through the applied 

objects. Adjustments of the characteristic 

curve towards higher changes of 

resistance resp. higher bridge voltages 

could reduce the effect of influences on 

the measuring chain. An approach to 

utilize piezoresistive washers with a 

contactless data transmission based on 

RFID and specially developed software is 

shown in [6.5]. 

Further investigations will be performed to 

characterize the sensitivity of the 

measuring method regarding influences 

like temperature and electromagnetic 

compatibility (EMC). 
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4.7 Diagnostic Systems for 

Electronic Systems (WP 7) 

Institute of Drive Systems and Power 

Electronics 

Meike Wehner 

4.7.1 Abstract 

WP7 deals with early fault detection in 

wind turbine generators. The important 

types of faults and damages in electrical 

machines directly lead to characteristic 

changes in the electromagnetic air-gap 

field, whose dependency on position and 

time was investigated in previous works at 

IAL-AS. Using sensors such as search coil 

systems, the spatial dependence acts as a 

filter supporting the detection of a fault or 

defect with high distance between the 

signal in normal operation and in case of a 

fault, as well as the identification of the 

type of fault by signal frequency.  

4.7.2 Objective 

In theory, the sensor signals are assumed 

to be zero in faultless wind turbines. In real   

applications, the signal fluctuation as well 

as the reachable ratio of the signal at fault 

and the value of faultless generators has 

to be evaluated. In addition, the influence 

of the generator type and the power 

electronic components concerning reli-

ability has to be researched. The influence 

of the generator type (doubly fed induction 

generator, permanent magnet synchro-

nous generator, etc.) as well as the 

influence of power electronic components 

concerning reliability of failure diagnosis 

has to be examined, too. For this reason, 

two diagnostic systems are being 

dimensioned, the data are evaluated, and 

based in this, appropriate design criteria 

are elaborated for this kind of diagnostic 

systems. 

4.7.3 Approach 

Due to the increasing use of renewable 

energies, early fault detection in wind 

turbine generators becomes more and 

more important. Especially in units with 

restricted accessibility like offshore wind 

turbines (OWT), an early detection of 

faults is necessary to avoid subsequent 

damages and long downtimes. WP7 

focuses in the online fault detection in 

electrical machines using search coil 

systems. In recent years, a lot of methods 

for condition monitoring have been 

described, mostly focusing on turn-to-turn 

faults in stator or rotor windings, air-gap 

eccentricities or asymmetries. A review of 

the most established methods is given in 

[7.5] [7.3] [7.4]. Most of them use sensors 

coupled with algorithms and architectures, 

like neural networks, fuzzy logic, state-

space observers measuring spectral 

components of voltage, current and power.  

All important types of faults and damages 

in electrical machines, such as interturn 

faults, short-circuit faults or rotor eccen-

tricities, result in characteristic changes of 

the magnetic air-gap field. These changes 

can be used to detect a fault by search 

coils placed in the stator slots based on 

the voltage induced in them to identify the 

type of fault from the induced frequency. 

Search coil systems are especially 

suitable for the detection of interturn faults 

and eccentricities, since these faults have 

no or little influence on the quantities at 

the terminals of a machine and are 

therefore not easy to be detected from 

outside. [7.6] uses rotor-mounted search 

coils as reference and as a more sensitive 

alternative compared to field current based 

monitoring, however without detailed 

examination of the search coil system. 

Small residual eccentricities and other 

asymmetries can be caused by 

manufacturing inaccuracies or during 

assembly, while large eccentricities are 

generally due to damages during 

operation (e.g. bearing damages). Eccen-

tricities cause an unbalanced magnetic 

pull, resulting in an even larger eccentricity 

which finally leads to rubbing of rotor 

against the stator bore. Among the faults 

occurring in stator windings, interturn 

shorts are the most difficult ones to be 
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detected. Interturn faults lead to high 

circular currents within one coil of the 

winding only, without significantly influ-

encing the behavior at the terminals of the 

machine. Thus, they cannot be detected 

based on the terminal voltage or current. 

The thermal influence of the short-circuit 

current has the potential to deteriorate or 

destroy a machine’s winding within 

minutes.  

First of all, the magnetic air-gap field of an 

electrical machine during normal operation 

is described, as well as the field compo-

nents which occur in case of an interturn 

fault or an eccentricity. In the following, the 

search coil system to be placed in the 

stator slots is presented and additional 

design criteria for the special case of high-

pole machines are explained. Afterwards, 

the conclusions drawn from the stator-

fixed system are transferred to a rotor-

fixed search coil system. The results of the 

simulation are presented subsequently. 

For the application in wind energy plants, 

three generator types are in common use. 

Besides doubly fed induction machines 

and salient pole synchronous machines, 

permanent magnet synchronous machines 

have been used more and more during the 

last years. 

Air-gap field  

The flux density of the magnetic air-gap 

field of an electrical machine during 

normal operation results from the mag-

netic voltage at the air gap        and the 

magnetic permeance of the air gap λ       

             λ      

                   

 

                 
(7.1) 

with the fundamental wave of the number 

of pole pairs p and an infinite number of 

spatial harmonic fields, the number of pole 

pairs complying with  

      
  

 
                        (7.2) 

   is the amplitude and    the phase 

angle of a spatial harmonic of flux 

density,    is the frequency referred to the 

number of pole pairs  .   is the number 

of phases. For fault detection, it is 

necessary that no voltage is induced in 

the search coils during normal operation 

and that a fault can clearly be identified in 

case of a fault.  

In case of a fault in the stator winding, all 

spatial harmonics of the flux density of 

the number of pole pairs  

              (7.3) 

are generated. Due to eccentric shifting of 

the rotor, additional permeance waves 

are produced by modulation of all spatial 

harmonics of the magnetic field during 

normal operation with the permeance 

waves due to eccentricity. According to 

[7.1], permeance waves with the order 

numbers 

        (7.4) 

have the largest amplitude,     
characterizing the order numbers during 

normal operation. In case of large 

eccentricities, the order numbers      

and      are of importance. The 

frequency  

           (7.5) 

depends on the type of shifting with 

        (7.6) 

        (7.7) 

for static eccentricities with index      and 

for dynamic eccentricities with index    . 

  is the speed of the rotor. In case of a 

static eccentricity, the position of the 

smallest air-gap remains at the same spot 

on the circumference, as shown in 

Figure 7.1a. In case of a dynamic 

eccentricity, the position of the air gap 

rotates with angular velocity of the rotor 

(Figure 7.1b).    



Work packages 

 

 P a g e |  1 1 1  

  

Figure 7.1a: Static 

eccentricity 

Figure 7.1b: Dynamic 

eccentricity 

Stator-fixed search coil system 

Fault detection using search coils is 

achieved based on the inductive effect of 

spatial harmonics of the so-called refer-

ence number of pole pairs    which does 

not exist when the machine operates 

normally, but which is caused by all faults 

to be detected. Based on the afore-

mentioned correlations, the reference 

number of pole pairs         seems 

suitable. 

The parasitic spatial harmonics generated 

by the faults are detected by means of 

search coils placed in the slots of the 

stator core. The search coil system is 

designed in such a way that the reference 

number of pole pairs   , by which the 

respective fault shall be detected, induces 

with maximum amplitude, whereas the 

spatial harmonics in the air-gap field of the 

machine during normal operation do not 

induce any voltage in the search coil 

system. This is especially valid for the 

machine’s fundamental field of the number 

of pole pairs  . 

The complete calculation of the spatial 

harmonics in the air-gap field during 

normal operation and in case of a fault and 

the resulting design criteria for a stator 

fixed search-coil system are explained in 

detail for doubly fed induction machines in 

[7.7][7.2] as well as for electrical excited 

synchronous machines in [7.8]. In the 

following, only the basics are presented 

which are of importance due to the special 

case of search coil system design for high-

pole machines as well as for the further 

development of rotor mounted search coil 

systems. 

The voltage induced in the search coils 

depends on the number of conductors    

and the position of forward and return 

conductor     and     in the stator slots; 

according to [7.8], it is summed up for all 

numbers of pole pairs   to  

            

        

 (7.8) 

with 

                        
     

 

 
    

(7.9) 

   
              (7.10) 

           

  

   

        (7.11) 

   is the amplitude and    the phase 

angle of a spatial harmonic of flux density, 

   is the frequency,        
 is the skew 

angle of the search coil and    is the 

effective number of conductors of one 

search coil referred to the number of pole 

pairs  ,   is the ideal length of the machine 

and   the radius of the bore. The induced 

voltage according to eq. (7.8) depends 

strongly on the fault position, i.e. on the 

position of the shorted turn or the 

narrowing of the air gap respectively, 

relative to the position of the search coil. 

To reduce this dependency, two identical 

search coils are used, and the resulting 

induced voltage      is split up by the use 

of the symmetrical components, the so-

called positive and negative sequence 

components    and   . With the voltages 

    and     induced in the search coils   

and  , splitting is made according to the 

relation 

    
 

 
              (7.12) 

   
 

 
              (7.13) 

In recent years, the application of direct 

driven permanent magnet synchronous 

generators with large number of poles has 

increased. The design of search coil 
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systems for these high-pole machines thus 

bears a special challenge. Among the 

design criteria explained by [7.8], one 

important design condition is, that the 

stator slot number is a multiple of 

          (7.14) 

For machines with 80 pole pairs, 

fundamental fields of the number of pole 

pairs of            or     are excited 

in case of a fault, according to equation 

(7.14) leading to a minimum number of 

slots of the search coil                or 

   . The investigated permanent magnet 

synchronous generator has a number of 

stator slots of       , so that there is no 

common divisor of    and      to match 

with the slot number condition according to 

equation (7.14). For machines with high 

pole pair/slot number combinations, 

specific measures must be taken when 

designing search coil systems. 

The selection of the reference number of 

pole pairs depends on the faults which 

shall be detected. According to equation 

(7.3) and (7.4) a reference number of pole 

pairs of            is selected.  

In case of an interturn fault, the appearing 

distortion of the air-gap field is locally 

restricted. For this reason, a search coil is 

required detecting the whole air-gap field 

along the bore, in order to detect an 

interturn fault independent of its position 

with a minimum of conductors.  

The selectivity of a search coil can be 

characterized by the winding factor. The 

aim of the design is to reach a winding 

factor near 1 for the reference number of 

pole pairs   , while spatial harmonics 

during normal operation lead to a winding 

factor of zero, above all the fundamental 

field of the number of pole pairs  . The 

complex winding factor referred to the 

number of pole pairs is given by 

   
 

   
   (7.15) 

with the effective number of conductors  

           

  

   

        (7.16) 

It depends on the number of conductors 

   and the position of forward and return 

conductor     and     in the stator slots. 

As can be seen from equations (7.15) and 

(7.16), the winding factor is maximum at 

distances between forward and return 

conductors (called coil pitch   below) of 

   
 

 
   

  

  
               (7.17a) 

and minimum for  

    
  

  
               (7.17b) 

Since the search coils are placed into the 

slot openings of the stator winding, the coil 

pitch must be an integer multiple of one 

stator slot pitch. For the investigated 

generator and the selected reference 

number of pole pairs, this leads to an 

optimum coil pitch of       slots. For 

this slot pitch, the condition of equation 

(7.17b) is fulfilled for the fundamental 

number of pole pairs  , so that the 

fundamental field does not induce in the 

search coil.  

According to [7.8], the two identical search 

coils, splitting the resulting induced voltage 

into positive and negative-sequence 

component, are ideally shifted according 

to 

    
 

   
 (7.18) 

by half of the pole pitch of the reference 

field. In this case, the forward conductor of 

the second system is below the maximum 

of the reference field’s excitation curve. As 

shown in [7.9], it is unproblematic to use 

multiples of this shifting. Even for high-

pole machines, shifting is thus possible as 

an integer multiple of one slot pitch. For 

the investigated generator, the first 
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maximum of the field excitation reaching 

an integer slot position is      
 

   
 

    slots. Figure 7.2 shows the conductors 

as they are distributed in the search coil 

system based on the above made 

considerations. The search coil system 

consists of two identical search coils with 

     turns each, a coil pitch of       

slots, circumferentially shifted against 

each other by        slots. 

 
Figure 7.2: Distribution of conductors in 

the search coil system 

Rotor-fixed search coil system 

The need for two identical search coil 

systems and the resulting duplication of 

conductors required arises from the 

dependency of the induced voltage on the 

fault position as well as on the charac-

teristic component induced with the same 

reference frequency for different faults. To 

avoid these disadvantages, to minimize 

the complexity of the search coil system 

as well as to improve unambiguous fault 

detection in synchronous machines, a 

rotor-mounted search coil system was 

designed. Since the coil rotates together 

with the rotor, it is not necessary that the 

search coil surrounds the machine’s 

complete circumference. Moreover, no 

second search coil system is necessary. 

The considerations about the optimum coil 

pitch remain valid. The term for the value 

of the induced voltage proposed in 

equation (7.9) can be enhanced for the 

rotor-fixed search coil as follows 

                      

             
      

  
 
  

 

 
      

(7.19) 

With 

       

   
 

    
 

     

 
 

    
 

    
  

   (7.20) 

The frequency converted into rotor-fixed 

values is given by  

            (7.21) 

with the rotational speed  . An example for 

the distribution of the conductors in the 

rotor-fixed search coil system is shown in 

Figure 7.3. 

Signal-to-noise-ratio 

For an adequate condition monitoring 

system it is essential, that the measured 

variable in case of a fault changes 

considerably compared to normal 

operation in order to avoid a false 

activation of the system. In theory, it is 

presumed for normal operation that no 

voltage is induced in the search  

 

Figure 7.3: Distribution of conductors in 

the rotor-fixed search coil system 

coil system. In reality, residual 

eccentricities due to manufacturing and 

mounting tolerances cannot be avoided. 

So voltages are induced in the search 

coils. For this reason, it is investigated by 

means of interturn faults, in how far 

existing residual eccentricities have an 

effect on the fault detection and how large 

is the signal to noise ratio of the sensor 

signal, when the fault occurs, to the value 

in faultless mode. In order to determine 

the signal to noise ratio (SN) the voltage 

induced at interturn fault with static 
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eccentricity       are compared to the 

voltage induced           at residual 

eccentricity only.  

         
     

         
 (7.22) 

4.7.4 Results 

In the following, the design criteria of 

search coil systems described before are 

incremented for two different types of 

generators. First a search coil system is 

designed for a 900 kW doubly fed 

induction machine with two pole pairs and 

72 stator slots. Afterwards, the conclu-

sions drawn from search coils systems for 

multi pole permanent magnet synchronous 

machines are examined with a 3 MVA 

permanent magnet synchronous generator 

having 80 pole pairs on the rotor and 480 

stator slots. The fault simulation and the 

evaluation of the voltage induced in the 

search coil systems are realized based on 

the analytical program ALFRED developed 

at the institute for drive systems and 

power electronics. 

Doubly-fed induction generator 

For the doubly-fed induction generator the 

examined search coil system is designed, 

based in the aforementioned correlations, 

for a reference number of pole pairs 

      . As a compromise between the 

number of conductors and the selectivity a 

two slot winding is selected whereby the 

coils are shifted by 12 slots against each 

other. The coil pitch is selected to be 

    . The distribution of the search 

coils in the stator slots is shown in 

Figure 7.4. The frequency analysis of the 

voltage induced for a static eccentricity of 

30 % of the air-gap width leads to 

frequency components with uneven 

multiples of line frequency, the amplitude 

being largest at line frequency 

(Figure 7.5). For the relevant line 

frequency, the separation of the induced 

voltage in its symmetrical components 

shows a purely positive-sequence 

component.  

 

Figure 7.4: Distribution of the search coils 

in the stator slots 

It is thus a good indicator for a static 

eccentricity. Figure 7.6 shows the voltage 

induced in the search coils for static 

eccentricities of 10% to 40% of the air 

gap width. The amplitude of the voltage 

increases proportionally to the 

eccentricity. Figure 7.7 shows the 

frequency spectrum of the voltage 

induced in the search coils at dynamic 

eccentricity      = 30 %. Based on the 

component with 25 Hz at s=0 which is 

dominating in the voltage spectrum, a 

dynamic eccentricity can clearly detected. 

The voltage induced increases 

proportionally to the dynamic eccentricity, 

so that here too, clear conclusions can be 

drawn about the degree of eccentricity 

(Figure 7.8). By using a 2-phase search 

coil arrangement, the voltage induced is 

independent of the fault location for static 

as well as for dynamic eccentricities. An 

interturn fault was simulated with a fault 

current of           . As it can be seen 

in Figure 7.9, only significant voltages 

with line frequency are induced. The 

negative-sequence component of the 

induced voltage serves as indicator of an 

interturn fault, because the positive-

sequence component can also be 

observed by static eccentricities.
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Signal-to-noise ratio DGASM 

In order to evaluate the influence of 

residual eccentricities on the fault 

detection of interturn faults and to 

determine the signal to noise ratio, an 

interturn fault is superimposed by a low 

eccentricity. First, the effect of a residual 

static eccentricity was examined. The 

short-circuit current assumed is      1000 

A at line frequency, the residual static 

eccentricity was assumed with      = 20 % 

and fault location      = 30 °. For both 

failures, the characteristic frequency of the 

induced voltage is the line frequency. In 

case of a static eccentricity however, the 

induced voltage has negligible negative-

sequence component at line frequency, 

which hereby is a good indicator for the 

detecting of interturn faults with high 

signal-to-noise ratio, as shown in 

Figure 7.10. Next, the effect of an existing 

dynamic eccentricity on the voltage 

induced in the search coils in case of an 

occurring interturn fault was examined. 

The dynamic eccentricity was assumed 

with      = 20 % and a fault location of 

     = 30 %, the short- circuit current with 

     1000A. The indicator for a dynamic 

eccentricity is an induced frequency of 

        
 

 
       (7.23) 

which results in a characteristical 

frequency of 25 Hz for the simulated 

generator. There is no effect on the 

detection of an occurring interturn fault. 

Figure 7.11 shows the frequency for an 

interturn fault with existing dynamic eccen-

tricity. The difference between the charac-

teristic frequencies also simplifies the 

detection of an occurring dynamic 

eccentricity and vice versa. As seen in 

Figure 7.5 a static eccentricity results in 

   

Figure 7.5: Frequency 

analysis of the voltage 

induced for a static 

eccentricity 

Figure 7.6: Induced Voltage 

for different static 

eccentricities at line frequency 

Figure 7.7: Frequency 

analysis of the voltage 

induced for a dynamic 

eccentricity 

  

 

Figure 7.8: Induced Voltage 

for different dynamic 

eccentricities,        Hz 

Figure 7.9: Frequency 

analysis of induced voltage 

for a interturn fault 
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frequencies of induced voltage with line 

frequency. Hence the measuring-relevant  

frequencies of both kinds of eccentricities 

are not influenced by each other and both 

failures can be detected with high signal-

to-noise ratio. The frequency analysis of 

combined static and dynamic eccentricity 

is shown in Figure 7.12. 

Permanent magnet synchronous 
generator  

The design of the search coil system for the 

investigated high-pole permanent magnet 

synchronous generator is related to eq. 

(7.15) to (7.18), resulting in the selected 

reference number of pole pairs      

    , the optimal coil pitch       slots 

and the shift of        slots between 

two identical search coils. Figure 7.13 

shows the voltage induced in the stator 

fixed search coil system for a shorted turn 

for different fault positions distributed along 

the circumference of the machine (given in 

slots). According to equation (7.15), the 

largest component of the induced voltage is 

induced by the spatial harmonic of flux 

density of the order number     with the 

frequency        . It can be seen that the 

induced voltage depends on the fault 

position. If the fault position is directly 

above the forward or return conductor of a 

search coil, the resulting voltage is zero. 

Considering the positive- or negative 

sequence system, dips can also be 

observed at these positions, but the 

induced voltage at each position is large 

enough to ensure unambiguous fault detec-

tion. Besides the type of fault, it is also 

desirable to evaluate the magnitude of the 

fault. As can be seen in Figure 7.14, the 

induced voltage directly depends on the 

level of short-circuit current, but is also 

influenced by the dependency of the fault 

position. In case of a static eccentricity 

(index st) along the circumference of the 

machine, according to equation (7.16), the 

largest components of the induced voltage 

are induced into the search coil system with 

the number of pole pairs         and the 

frequencies           with          . 

Similar to an interturn fault, the resulting 

voltage strongly depends on the fault 

position. As shown in Figure 7.15, the 

positive sequence component is on the 

contrary nearly constant and can thus be 

used for fault detection. According to 

Figure 7.16, the level of the induced voltage 

is a measure to evaluate the level of static 

eccentricity. As both interturn faults and 

eccentricities results in the characteristic 

frequency      , unambiguous fault 

detection is problematic. To avoid this 

problem in [7.10] the use of two separate 

search coil systems is proposed. Since the 

separate search coil systems are quite 

complex however, a rotor-fixed system is 

proposed in the following. 

To minimize the complexity of the search 

coil system as well as to improve fault 

   

Figure 7.10: Signal-to-noise 

ratio of negative-sequence 

component of induced 

voltage for an interturn fault 

with static eccentricity 

Figure 7.11: Frequency 

analysis of induced voltage 

for an interturn fault and 

dynamic eccentricity 

Figure 7.12: Frequency 

analysis of induced voltage 

for a dynamic eccentricity 

and an existing static 

eccentricity 
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detection, a rotor-mounted search coil 

system was designed. In case of an 

interturn fault in the stator winding, the 

largest value of the voltage induced in the 

search coil system is according to 

equation (7.15) induced for small order 

numbers  . With respect to (19) the stator 

fixed frequency         leads in the rotor 

to the characteristic frequencies 

             1/s for        

            1/s for        . 

According to Figure 7.17, the value of the 

induced voltage is an ambiguous measure 

for the fault current level. Compared to a 

stator-fixed search coil system, the 

induced voltage does not depend on the 

fault position. In contrast to stator-mounted 

search coil system, no search coil is 

required which surrounds the machine’s 

complete circumference. It is sufficient 

when it covers just part of it, because the 

coil rotates together with the rotor. In case 

of static eccentricities, the interesting 

numbers of pole pairs for a rotor mounted 

search coil system are 

         and             

with the corresponding frequencies 

                               

                               

                                 

                                   

   

Figure 7.13: Voltage 

induced in the search coil 

system in case of an 

interturn fault for different 

fault positions 

Figure 7.14: Minimum and 

maximum positive-sequence 

component of the induced 

voltage for different fault 

currents 

Figure 7.15: Induced Voltage 

in case of a static 

eccentricity of 30 % 

   

Figure 7.16: Positive-

sequence component of the 

induced voltage for different 

levels of eccentricity 

Figure 7.17: Induced voltage 

in case of an interturn fault 

and different fault currents for 

main frequency components 

Figure 7.18: Induced voltage 

for different levels of 

eccentricity for main 

frequency components 
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According to Figure 7.18, the value of the 

induced voltage is a measure for the level 

of eccentricity. Similar to an interturn fault, 

no dependency of the induced voltage on 

the fault position can be observed. For 

rotor-mounted search-coil systems, 

different faults thus lead to different 

characteristic frequencies. In this way, 

different faults can unambiguously be 

identified without the use of a second 

search coil system to observe the positive- 

and negative sequence system.  

Signal-to-noise ratio PMSM 

To evaluate the influence of residual 

eccentricities on fault detection of the 

investigated PMSM the interturn fault is 

superimposed by a low residual 

eccentricity. Figure 7.19 shows in 

comparison the frequency analysis of the 

voltage induced in the search coil system 

for a pure interturn fault (a), a pure static 

eccentricity (b) as well as to an interturn 

fault combined with an existing residual 

eccentricity (c). It can be seen that residual 

eccentricities have no effect on interturn 

fault detection. 

4.7.5 Conclusions 

Within WP7 early fault detection of wind 

turbine generators by using search coil 

systems are analyzed. 

First of all, a search coil system was de-

signed for a doubly fed induction generator  

 

Figure 7.19: Frequency analysis of 

induced voltage 

and the ability of detecting interturn faults, 

even turn-to-turn faults and eccentricities 

was shown. Considering the frequency 

analysis of the voltage induced in the 

search coil system, static eccentricities 

can be detected by the positive sequence 

component at rated frequency. Whereas a 

dynamic eccentricity is indicated by 

frequencies respectively to the mentioned 

equation, which leads to half of rated 

frequency at the considered generator. In 

addition to that the negative sequence 

component of rated frequency of the 

voltage induced in the search coil system 

points to a fault of the stator winding. To 

evaluate the signal to noise ratio, it was 

determined, in how far the detection of 

faults will be influenced by existing static 

or dynamic eccentricities. In case of a 

static eccentricity, interturn faults can be 

detected by evaluation of the negative-

sequence component of rated frequency. 

As dynamic eccentricities result in a 

different characteristical frequency than 

interturn faults and static eccentricities, the 

detection of these faults is not effected by 

an existing dynamic eccentricity.  

In recent years, the application of direct 

driven permanent magnet synchronous 

generators with large number of poles 

increases. Based on previous research of 

search coil systems for synchronous 

machines, the special challenges of the 

design of search coil systems for 

permanent magnet synchronous machines 

with high pole pair/slot number 

combinations are determined. In case of a 

shorted turn in the stator winding the 

largest component of the search coil 

voltage is induced with rated frequency. 

Considering the positive- and negative 

sequence component the induced voltage 

directly depends on the level of short-

circuit current, but is also influenced by the 

dependency of the fault position. For the 

detection of static eccentricities, the 

positive sequence component of the 

induced voltage is an indicator, in-

dependent of the fault position.  
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To minimize the complexity of the search 

coil system as well as to improve fault 

detection, a rotor-mounted search coil 

system was designed. For rotor-mounted 

search-coil systems, different faults thus 

lead to different characteristic 

frequencies. In this way, different faults 

can unambiguously be identified without 

the use of a second search coil system to 

observe the positive- and negative se-

quence system. In order to evaluate the 

influence of residual eccentricities on the 

fault detection and to determine the signal 

to noise ratio, an interturn fault is super-

imposed by a low eccentricity. As the 

characteristical components respectively 

the frequency component of the induced 

voltage are different for the examined 

faults, unambiguous fault detection is 

ensured, even if residual eccentricities 

are taken into account.  
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4.8 Reliability of the Grid 

Connection (WP 8) 

Institute for Drive Systems and Power 

Electronics (IAL) 

Felix Fuchs 

Institute of Electric Power Systems 

Division of Power Supply (IEE) 

Stefan Brenner 

4.8.1 Abstract (IAL) 

Regarding the reliability of offshore wind 

turbines, the electrical system and the grid 

connection is also an important part to 

analyse. Together with work package 6 

and 7, the mechanical and electrical topics 

are covered.  

The work package 8 is a collaboration 

between the Institute for Drive Systems 

and Power Electronics and the Institute of 

Electric Power Systems. The overall aim is 

to evaluate different grid connection 

topologies from the probabilistic point of 

view concerning the reliability. The two 

mentioned institutes are on the one hand 

specialized in the generator and its 

frequency converter and on the other hand 

in the grid connection. The probabilistic 

reliability model of the whole electrical 

system is implemented by the Institute of 

Power Systems, while the Institute for 

Drive Systems and Power Electronics 

analyses reliability models for power 

electronics within the grid connection. 

 

Figure 8.1: Frequency of damage and 

corresponding outage time of wind power 

plants sorted by components for different 

output power [8.10] 

4.8.2 Objective (IAL) 

In the field of electrical power supply the 

reliability of the system plays an important 

role. For the investor the breakdown of a 

wind turbine always means losses by 

reason of costs of repair and loss of 

(financial) compensation for energy fed 

into the grid. Especially in the field of 

offshore wind parks a breakdown leads 

inevitably to long down times, because 

repair times are longer due to limited 

accessability. In Figure 8.1 it can be seen, 

that the higher the power of the wind 

turbines is, the more often the electrical 

part of the system fails. It is thus most 

important to investigate the reliability of the 

electrical system of large (offshore) wind 

turbines and their grid connection.  

 

Figure 8.2: Top: DFIG wind turbine system 
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The wind as a stochastic factor is an 

important input factor that determines load 

cycles and stress of the wind turbine. This 

gives also a motivation to examine the 

system from a probabilistic point of view. 

4.8.3 Approach (IAL) 

At the Institute for Drive Systems and 

Power Electronics the focus of the project 

is on the converter of offshore turbine. 

Weak elements of the power transmission 

chain in a wind turbine are the power 

semiconductor modules of the frequency 

converter [8.2]. Due to this fact, the first 

aim is to set up a reliability model for the 

failure of the power semiconductors of the 

converter. In offshore wind turbines, 

mainly two topologies of generator-

converter systems exist: The doubly-fed 

induction generator (DFIG) and the 

permanent magnet synchronous generator 

(PMSG). In this project, the focus lies on 

the DFIG system (Figure 8.2). The 

influence of operating points on the 

lifetime of power semiconductor modules 

is investigated first. The most important 

factor influencing their lifetime is the 

varying junction temperature [8.2]. 

Doubly-fed induction generator  

The junction temperature is dependent on 

the voltage and current setpoints and 

switching frequency of the converter. As 

software Matlab/Simulink/PLECS is ap-

plied. With this software, it is possible to 

simulate current and voltage operating 

points and their corresponding junction 

temperature variation of the power semi-

conductors. To receive the link to the 

lifetime, the following procedure is pursued 

(Figure 8.3):  

First, the junction temperature swings of 

the module (power semiconductors) via 

the wind speed are computed in steady 

state operation. In the next step the wind 

speed data (FINO station [8.16]) is 

included. From this data, the operating 

time in 2009 for each wind speed is 

calculated. The number of cycles is 

divided in temperature swing frequency 

and mean temperature. This is fed into a 

“cycles-to-failure-statistic” for the power 

semiconductor modules (taken from the 

LESIT project [8.8] or given by the 

manufacturer). For every wind speed 

(discretized at 0,1 m/s) the consumed 

percentaged lifetime is computed. This is 

summed up linearly to a yearly consumed 

lifetime. 

A simulation model of the converter is 

extended with the thermal equivalent 

circuit of a standard low voltage module 

taken from its data sheet. A standard 

cooling system with the ambient 

temperature set to 40 degree is chosen. 

As input of this circuit, the absorption 

power Pv of the power semiconductors 

must be computed.  

It is composed of temperature dependent 

turn off, turn on and conducting losses 

specified in the data sheet. A wind turbine 

model of a 2 MW DFIG is taken (for 

system parameters see Tab. 1). The 

control system always tracks the maximum 

  

Figure 8.3: Procedure for lifetime estimation of the power module. 
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of the cp-characteristic of the wind turbine 

assumed (fixed pitch angle [8.15]). An 

example junction temperature swing of the 

machine side converter is shown in 

Figure 8.4 for a wind speed vwind = 7.8 m/s.  

Table 8.1: System Data. 

Symbol Quantity Value 

P Rated Power 2 MW 

UL Line voltage (phase-

to-phase, rms) 

690 V 

ω Grid frequency 2π50Hz 

p Pole Pairs 

 

2 

 

fS,machine Switching frequency 

machine side 

converter 

3 kHz 

n Gearbox ratio 1:72,65 

R Turbine radius 37 m 

vmin Cut-in wind speed 3.5 m/s 

vrated Rated wind speed 12 m/s 

It can be seen that in steady state the 

temperature oscillates with the frequency 

of the rotor current. The junction tempera-

ture of the IGBT and diode of one phase 

leg is taken and mean, minimum and 

maximum values are extracted. Two 

power modules were taken.   

One module is dimensioned to the 

simulated operating points and another is 

oversized by a factor of two. The results 

are provided in the next chapter. 

Dynamic Model of a DFIG wind turbine 

A dynamic model of a DFIG wind turbine 

is realized to get the dynamic thermal 

load of the power semiconductors in the 

converter. This will be described in the 

following. The first aim is to find a suitable 

power characteristic (cp-characteristic). 

Several characteristics are found in 

literature. 

 

Figure 8.4: Example: Currents and 

junction temperatures at steady state with  

vWind = 7.8 m/s 

They are described by the following 

equations: 

            
  

  
          

     
 

  
   

(8.1) 

 

  
 

 

     
 

  

    
 (8.2) 

Here,   is the tip speed ratio and   is the 

pitch angle. The coefficients    are given in 
Figure 8.5. For configuration 6, the 
following equation holds:  

                  
   

 

   

 

   

 (8.3) 

The characteristics are plotted versus the 

tip speed ratio   in Figure 8.5. Table 8.2 

gives charateristic values. 

Table 8.2: Characteristics of cp curves 

Config. λopt cpmax cp drop 0° to 5° 

(1) 8.9 0.4176 ~91% 

(2) 4.95 0.4332 ~87% 

(3) 8 0.4109 ~69% 

(4) 7.2 0.438 ~69% 

(5) 6.2 0.44 ~80% 

(6) 8.8 0.52 ~71% 
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 Ref. c1 c2 c3 c4 c5 c6 c7 c8 c9 Comment R [m] 

1 [12] 0.5    

 
 

0 0.022 2 5.6        

 
 

- - ‚MOD-2‘ turbine, 2.5 MW, 1981 45.72 

2  [13] 0.5      

 
 

0 0.022 2 2           

 
 

- - cf=1.9547, 250 kW, 1993 15 

3 [15] 0.5 116 0.4 0 0 5 21 0.08 0.035 - - 

4 [7] 0.73 151 0.58 0.002 2.14 13.2 18.4 -0.02 -0.003 Variable speed turbine - 

5  [16] 0.22 116 0.4 0 0 5 12.5 0.08 0.035 2 MW, 2001 37.5 

6 [11] - - - - - - - - - 1.5 , 1.6, 3.6 MW, GE - 

Figure 8.5: Different cp characteristics from literature and corresponding parameters 

Concerning the speed control, only con-

figuration 1 was found to be suitable for 

the 2 MW wind turbine [8.4]. The corre-

sponding pitch angle reference for full load 

is shown in Figure 8.6. In the next step a 

rotor inertia was estimated. In [8.4], the 

results from a literature research can be 

found. Due to limited space, it is not 

shown here. Finally, the rotor inertia was 

set to 700 kgm². 

The generator inertia was computed with a 

CAD program and the given model of the 

rotor of a 2 MW DFIG. It is 85.66 kgm². 

These results were published in [8.4].  

 

 

Figure 8.6: Resulting pitch angle reference 

in full load for different gearbox ratios 
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4.8.4 Results (IAL) 

Steady State Model 

Figure 8.7 shows the results for the low 

rated module (left column) and the high 

rated module (right column). It should be 

mentioned that for both systems the same 

liquid cooling system with a temperature of 

40 degree is chosen. The high rated 

module is not heating up as much as the 

low rated module. The tendencies are 

equal in both modules: with increasing 

power the mean temperature of the 

modules increases until the rated oper-

ating point is reached where it has its 

maximum. With both modules, the 

temperature swing increases at the 

synchronous operating point. As expected 

in both modules - due to the fact that they 

include a standard diode - the diode has 

higher mean temperatures than the IGBT 

in the over-synchronous operating area. 

The number of used temperature cycles in 

2009 can be derived (assuming that the 

wind turbine only operates in steady 

state): The duration for a specific wind 

speed has to be divided by the electrical 

rotor period. In this way a rough lifetime 

estimation can be done, also revealing 

which operating point takes most of the 

lifetime. The results can be seen in 

Figure 8.8 for the low rated module (left 

column) and the high rated module (right 

column). The consumed lifetime per 

0.1m/s is plotted. In line with the results of 

the ZULES project [8.3] it can be stated, 

that the main lifetime consuming operation 

point is the rated wind speed of 12 m/s. 

The synchronous operating point is not 

critical. Several cycles-to-failure statistics 

have been applied. The curve with the 

lowest lifetime, respectively the top trace in 

all plots corresponds to the LESIT results. 

The LESIT tests have been established in 

the end of the 1990ies. Until today the 

power cycling capability of modules was 

enhanced.  

 

Figure 8.7: Junction temperature over wind speed of IGBT (top) and diode (bottom) with low 

rated module (left) and high rated module (right) 
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So, for comparison, the cycles-to-failure 

statistics provided by the manufacturer are 

taken into consideration, too. The lowest 

curve is the one for the newest IGBT 

module, the one in the middle is for 

standard modules. The totally consumed 

lifetime can be seen in Table 8.3. It can be 

said that the low rated module has a life 

expectancy of less than 0.25 years with an 

actual IGBT module This is not enough 

regarding the intentioned lifetime of 20 

years. With the high rated (actual) module 

a very acceptable lifetime of approx. 50 

years can be reached. It is interesting to 

note that the diodes are the limiting factor 

concerning expected lifetime.  

In a next step, the work is focused on 

consideration of the dynamic operation of 

DFIG.  

Dynamic Model 

The dynamic model of the DFIG wind 

turbine has been equipped with a wind 

speed profile which originates from the 

measuring point FINO in the german north 

sea [8.16]. 

Table 8.3: Consumed Lifetime for low 

rated and high rated module in 2009 in % 

Cycles-to-

failure 

statistic 

IGBT, 

lr 

Dio-

de,lr 

IGBT,

hr 

Dio-

de,hr 

LESIT 1542  7333  10  23  

Industrial 

standard 

736  2833  5.8  12  

Actual 118  430  0.9  1.9  

Simulation results are presented for the 

real wind speed step shown in Figure 8.9. 

In Figure 8.10, an example plot of the wind 

speed measured in 80 m height of the 

FINO station can be seen.  

The complete turbine simulation model 

cannot be run for a simulation time of one 

year due to the fact, that the simulation 

takes too much time. It is not possible to 

reduce the model so that it would be 

possible to simulate the desired one year 

operation. This is the reason why other 

approaches must be found to analyze the 

lifetime consumption of the turbine

Figure 8.8: Lifetime consumption of IGBT (top) and diode (bottom) with low rated module 

(left) and high rated module (right) (different cycles to failure statistics) 



Final Report PSA 

 

P a g e |  1 2 6  

 

Figure 8.9: Wind speed step for crossing 

the synchronous operating point 

converter in dynamic operation. Here, a 

splitting of thermal cycles in different 

durations, e.g. in long term, medium term 

and short term intervals [8.4] and ad-

equate reducing of the model complexity 

results in a shorter and more realistic 

simulation time. This is also the aim of this 

work. Therefore first simulations are done 

with the example wind speed step shown in 

Figure 8.1. This real speed step is 

interesting to analyze, because here, the 

DFIG turbine rotational speed reference 

crosses the synchronous operating point.  

The simulation model is built in 

Matlab/Simulink/Plecs. The controllers for 

speed and current control are appropriately 

tuned. The cp-characteristic [8.8] of the 

turbine is included in the model. Also the 

speed control strategy based on the actual 

wind speed is integrated. Current and 

voltage limitations of the converter are 

respected. The simulation results are 

shown in Figure 8.11. It can be seen that 

the synchronous operating point is crossed 

when the electrical frequency is near zero 

(at t=6s). Consequently, the junction 

temperature has higher delta T. When the 

wind speed drops to approx. 7.5 m/s at 

t=7s, the electrical frequency increases 

again and so the delta T of the IGBT 

decreases. Near t=20s, the wind speed 

increases again to about 8 m/s and the 

turbine is again approaching the 

synchronous operating point. 

4.8.5 Conclusions (IAL) 

Within this project, an analysis concerning 

the lifetime of the converter of a wind 

turbine equipped with doubly fed induction 

generator (DFIG) is done. This is done for 

steady state operation as a first step. 

Afterwards, a dynamic model of the wind 

turbine is developed for dynamic lifetime 

analysis. The results and models of this 

research project are the starting points for 

a further research project at the IAL (see 

Follow-up projects). 

 

Figure 8.10: Wind speed at a height of 80 m at FINO 1 station in february 2006;  

time interval; one month 
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Figure 8.11: Current of IGBT and corresponding junction temperature for the wind speed 

step shown in Figure 8.1 

4.8.6 Abstract (IEE) 

The operation and grid connection of large 

offshore wind farms (OWF) in Germany is 

particularly challenging due to long 

distances of OWF to the nearest point of 

common coupling as a result of protection 

of coastal areas and of the Wadden Sea. 

Long distances have to be bridged with 

submarine cables from the offshore 

substation to substation on land. In 

German North Sea, this is done usually as 

high voltage direct current transmission 

(HVDC). 

Due to specific concepts a fault-free 

condition of OWF grids is already an n-0 

operation and counts thus as an 

endangered operation, considered with 

grid security standards of supply grids 

[8.7]. Due to the very poor accessibility of 

equipment, which is also strongly affected 

by weather, any possible damage, failure 

and its consequences must be considered 

in the project planning. 

4.8.7 Objective (IEE) 

In order to consider the effects of the 

stochastically arising or time-variant 

environment effects such as wind, weather 

and aging of the equipment, reliability 

investigations with stochastic models must 

be developed. These must consider the 

influences of these parameters sufficiently 

exactly, in order to supply a possibility for 

the estimation of the probable failure 

behavior which can be expected with a 

desired dependability. For this problem 

various reliability analysis methods and 

methods for condition assessment are 

suitable. Depending on the objective both 

analytical and simulative methods are of 

choice. 

4.8.8 Approach (IEE) 

Differential equation systems and their 

calculations can become very complex in 

the analytical procedures. The reason for 

this is that systems with large number of 

components and with increasing inter-

action of equipment among themselves 

become very complex. These methods 

provide very accurate results, but they 

also require a high modeling expenditure 

of the overall system.  

Hence, simulation methods are often 

applied. These methods let a variety of 

freely distributed input parameters and 

provide a detailed analysis of the results, 

at this using a stochastic model [8.7]. In 

the simulation presented in this work 

based on a Monte-Carlo procedure a 

stochastic model (see Figure 8.12) is 

used. With this model both the time of a 

failure and the duration during the outage 

Junction Temperature of upper IGBT phase a Junction Temperature of upper IGBT phase a 

Current of upper IGBT phase a 
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can be considered. Also modeled load 

curves of various input parameters can be 

taken into account. 

For the reliability of a system, not only the 

stochastic or deterministic outage occur-

rences are significant, but also the effects 

of aging or mechanical stress. 

stochastic 

model

simulation

statistical 

evaluation

num. 

approximation

characteristics of the 

system behavior

random numbers 

     wind

()zz rand

time

 

Figure 8.12: Principle of Monte-Carlo 

Simulation 

For the failure distribution stochastic 
processes such as wind supply and aging 
in an OWF are taking into account. For 
this, the Monte-Carlo procedure is very 
well suitable. 

Stochastic modeling  

The reliability investigation of expanded 

systems, like an OWF, needs a concept 

for a stochastic modulation as shown in 

Figure 8.13 to be able to represent the 

technical conditions primarily on the 

respective failure behavior and so to 

provide an easy handling [8.9]. 

Thus, various characteristics and inter-

ference can be converted on the central 

reliability data like the failure rate   and 

the repair rate  . 

Reliability 

parameters

operation

Ambient 

conditions

Distur-

bances 

Wind farm 

condition

Outage 

 

Aggegration of 

equipment State analysis

 

Figure 8.13: Stochastic model 

On account of few values of experience 

and through a bulk of different concepts of 

OWF which are worldwide planned and 

also in operation, generally valid reliability 

characteristic data of the equipment are 

hardly available.  

Hence in Table 8.1 a database for the 

evaluation of the dependability character-

istics was carried out on the basis of 

different investigations. These values re-

present a purely qualitative estimate of the 

expected reliability parameters for one of 

some possible scenarios. In further sce-

narios sensitivity analysis can be done in 

case studies in order to advance several 

reliability values. For other values aver-

aging or large detail investigations are 

necessary due to the very improbable 

sizes or further reasons. (compare e.g. 

[8.7]) 

Wind speed 

The wind speed is important not only when 

considering the economic efficiency and 

production capacity of wind parks, but it 

was also chosen in the sequence and in 

the structure of the simulation as a key 

state variable. The probability distribution 

of the wind corresponds to a Weibull-

Distribution (see Figure 8.14a)) [8.19], 

[8.14]. Nevertheless, every wind park is 

defeated by an individual accumulation of 

wind loads which can be returned by the 

form factor and the scale factor. 
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Table 8.4: failure rates and repair times 

Equipment Failure rate λ in 1/a Repair times in days 

Wind turbine (WT)   

6 MW WT 2,5 7 

6 MW WT 1 7 

HVDC   

Single pole error (
50%P  ) 0,7 3 

Single pole error (
50%P ) 9,79 3 

Bus bars   

33 kV busbar 0,2 5 

155 kV busbar 0,2 5 

155/33 kV transformer   

Three-winding transformer 0,02 30 

   

Cable   

33 kV cable (~0.8 km) 0,0177 1/km 20 

155 kV cable (~4 km) 0,0177 1/km 20 

Figure 8.14: Weibull-Distribution and b) Distribution of wind speed over a year 

Since in reality the stress, imposed by the 

different wind speeds within a day or even 

year, steadily changes (see 

Figure 8.14b). Also the failure frequency 

and the achievement feed of the wind 

turbines (WT) vary also.  

To adequately emulate this stochastic 

behavior in a simulation, a modeling is 

necessary with most realistic models of 

stress and time schedules.  

In particular with a huge number of 

simulations, varying time series are 
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necessary, which represents however on 

the average a comparable wind load. 

Wind model 

The modeling of wind time series is based 

on a Markov chain [8.5]. From a meas-

uring row, in this case of the measuring 

station FINO 1 with the number of values, 

the wind speeds are discretized in 14 wind 

areas. 

Using this discretization state durations of 

every wind range during the overall time 

period can be calculated initially.  

Subsequently, transfer rates of individual 

state transfers between every wind range 

can be calculated [8.19]. 

Maintenance 

An exact analysis of respective availability 

of the maintenance crews and individual 

location-dependent risk estimate of the 

weather conditions is badly feasible in a 

simulation. Due to the many different 

factors influence these variables. There-

fore, a scattering of repair times is realized 

according to the maintenance model in 

Figure 8.15 by a direct coupling to the 

wind distribution. This returns the bad 

accessibility of the offshore OWFs 

(sometimes not more than 60 % of the 

year [8.5]), due to the weather conditions. 

Equipment ON Equipment OFF

λ

low wind speed

gale

yes

no

Low wind speed

yes

no

RepT

Rep Rep,BM Sturm WindT  = T ( )v

Rep Rep 1T T Rep 0 ?T 

Rep RepT T

 

Figure 8.15: Model of the repair times in 

dependence of the wind velocity 

The maintenance model, developed in this 

work puts the repair time      of the failed 

equipment into a counting vector. The 

repair time determined in advance in case 

of failure and first applies a normal case. 

In each interval step (corresponding to 15 

minutes) with low wind this repair or 

maintenance time is decremented 

'Equipment is being repaired'. In case of a 

gale, where the wind speed is exceeds the 

specified limit of wind speed, the 

registered time to repair is not processed 

"Equipment will not be repaired, due to 

gale". Thus, the repair may be significantly 

extended during gale times. Thus the 

stochastically occurring serious failures, as 

well as the long-lasting repair and 

maintenance durations witch are relevant 

in practice can be simulated depends on 

the wind speed. 

Gale model 

High wind speeds produce strong 

mechanical and in particular high electrical 

stress for the WT [8.11]. Therefore, the 

blades of WT propeller will be feathered to 

stop the rotor during too high wind speeds 

(pitch-control) or the airflow through the 

blades will be changed by turning the 

blades (storm-control). A failure at high 

wind speeds is not only more probable 

due to the high stress, but if an error 

occurs the damage is more significantly. In 

this case longer repair times are to be 

taken into consideration and, hence, a 

partition in light and heavy damage 

categories is sensible. 

 

Figure 8.16: gale modeling for increased 

a) repair and b) failure rate 

Hence, two models were developed (see 

Figure 8.16). These models describe 

defined parameters depending on the wind 

speed at any time. The described 

parameters are, for example, the duration 
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of an outage (see Figure 8.16a)) or factors 

for use in the maintenance model (see 

Figure 8.15). This permits a very exact 

distinction of the damage classes. The 

simultaneous conditioned increase of the 

failure probability became by a linear 

increase Figure 8.16b) with consideration 

of the turn-off speeds with very high wind 

stresses depending on the wind energy 

plants. The single unities of the wind 

energy plants show very different failure 

dependence with increasing wind speeds 

[8.12]. Therefore, the model includes an 

averaging of the various correlations 

between the wind and the damage 

frequency of every asset component. 

Inherited errors and aging 

The reliability of equipment involved in 

OWF changes both at the beginning and 

in the end the period of operation, due to 

the constantly progressing time 

Figure 8.17. Especially with new 

technologies, there are often problems 

with prototypes in the first years of 

production and occasional assembly or 

design errors in the construction phase.  

Therefore, the so-called “technical teething 

troubles” [8.18] must be considered, which 

are to be expected especially at the wind 

turbines. 

Since, explicitly offshore a lot of new 

product series are used and about this 

product series only few reliability data are 

available.  

 

Figure 8.17: Age-related failure rates 

[8.12] 

The manufacturers often specify that their 

resources have very high availability (over 

98 %), however, longitudinal studies lack 

this information. Additionally, the failure 

probability of equipment arises with 

increasing age of this equipment. Even 

with sequential maintenance and ex-

change of susceptible components a high 

vulnerability in the end of the operation 

duration is to expected due to wear of the 

components (corrosion, fatigue) (compare 

also [8.21], [8.11], [8.1]).  

Only during the main operation duration 

after the initial problems low and constant 

failure rates for a longer period can be 

assumed [8.6]. Therefore, two different 

ageing profiles included in the modulation 

on the one Hand the bathtub curve 

Figure 8.18a), and on the other hand a 

curve which describes the rising ageing 

Figure 8.18b). 

This function generally represents a good 

model for all technical resources. To 

emphasize the expectable early failures of 

wind turbines the bathtub curves-model 

was used only for this type of equipment. 

These assets in an offshore OWF are 

clearly most vulnerable to errors at the 

beginning compared with other resources 

and considering the high number of pieces 

errors in assembling and production pro-

cesses must be expected. 

   

Figure 8.18: Aging models for equipment 

The modeling of the curve was simplified 

for better control function by a linear 

distribution of the function in the three 

areas of operation „Early failures“, 

„Random failures“ and „Wear failures“ 

[8.20] with 
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Stochastic failures 

After calculating the effects of wind speed 

and the aging model presented before, a 

vector of temporary failure rates 
tempλ  of 

all equipment assets is calculated. 

Stochastic failure will be simulated using 

a vector zz   of the same size  ,1EQ  with 

random numbers in the range  0,1  under 

the condition 
i izz   

temp,1

temp,2

temp EQ gale aging

temp,EQ 1

temp,EQ

0,13 0

0,01 1

0,42 0

0,98 0
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(8.6) 

These failures are entered into the state 

matrix, and the associated repair times in 

the list of repairs. The next step 1i   is 

done by modeling the investigation of the 

effects of the failed equipment to other 

components, e.g. as an interruption.  

Whether this assumption actually reflects 

the expected distribution of failures, can 

be verify by comparing the probability 

distribution versus number of failures k  of 

every equipment asset with the consid-

eration of the Poisson-Distribution 

As the comparison in Figure 8.19 shows, 

the Poisson-Distribution Figure 8.19a) 

and the static Monte-Carlo simulation 

Figure 8.19b) (600 runs in a single wind 

turbine over 20 years without 

consideration of grid errors, wind and 

time models) have very similar failure 

distribution results for WT

2,5

a
  . With a 

larger number of runs, the individual 

probability distribution of the Monte-Carlo 

simulation approximates more and more 

clearly to the Poisson-Distribution. Thus, 

the validity of the model developed in this 

work which calculates stochastic failures, 

through drawing random numbers 

according to Eq. (8.6) is occupied.  

 

Figure 8.19: Comparison of the a) 

Poisson distribution with b) results from 

Monte-Carlo simulation 

4.8.9 Results (IEE) 

According to the image of used modeling 

concepts and the various procedures in 

the following an OWF in several 

scenarios is examined. 

Thus, the impact of model changes and 

assumptions should be clarified. The 

functioning of the simulation will be 

shown in addition. For all studies, an 

OWF shown in Figure 8.20 was examined 

by modifying in various case studies.  
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HVDC-1 HVDC-2Coupling Model-II:

 

Figure 8.20: Topology wind farm model-I 

and model-II 

OWF model-I 

As comparison model for the more 

detailed investigations a simple OWF with 

80 wind energy plants in 8 strands is 

modeled. The data from the presented 

concept are used and as an initial case 

there are no switching options or topo-

logical optimizations e.g. some couplings 

of bus bars inserted in the model-I.  

Thus, changes in equipment or configu-

ration of the OWF can be compared with 

the values of this simulation in further 

investigations and their optimization 

potential can be estimated. 

Because the approaches of all 

investigations after the simulation-pro-

cedure pursue the same expiry, the result 

investigation of comparative model 

investigation should be explained in the 

following with the target of closer 

understanding. A total of 178 resources 

were tested on reliability and performance 

with the parameters from Table 8.5. 

The equipment was switched according to 

the topology in Figure 8.20 and was exam-

ined with Monte-Carlo simulation on the 

basis of the FINO 1 wind data. The HVDC 

was divided in two parts to simulate both 

common mode errors and single pole 

failures. 

OWF model-I, state durations 

The most important results of the proposed 

reliability analysis are the state duration’s 

calculation of the operational wind turbines 

which also form the frequencies by the 

always same interval lengths. All failures, 

grid failures, gale effects or repair delays 

have an impact on this distribution and can 

be analyzed with this. The state durations 

shown in Figure 8.21 are averages of 20 

simulations over 20 years. At each interval 

time i  the number of feedable WTs was 

counted and divided by the total number 

the number of conditions, in order to 

receive the proportional distribution. It will 

be appreciated that for larger OWF system 

an error-free state is very unlikely (here 

below 1 %). This is due to the high 

probability of failure and the repair and 

maintenance periods of the plants. While 

Figure 8.21 represents only the 

aggregated duration of states, the 

Figure 8.22 shows in addition the 

dependence of the single interval states 

on the wind speed. 

 

Table 8.5: case study I – data of equipment 

Equipment Quantity 
Failure rate λ  in 

1/year 

Repair duration in 

days 

Wind turbines 80 2,5 7 

Cable 33 kV I 80 0,8 km∙0,0177 20 

Cable 33 kV III 4 2,0 km∙0,0177 20 

Cable 155 kV I 2 3,0 km∙0,0177 20 

Cable 155 kV II 2 5,0 km∙0,0177 20 

Bus Bar 33 kV 4 0,2 5 

Transformer 33 kV / 155 kV 2 0,02 30 

Bus Bar 155 kV 2 0,01 5 

HVDC 2  0,7 3 
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Figure 8.21: OWF model-I state 

distribution (WT in operation) 

It can be seen that most of the state 

durations can be found in the lower wind 

speeds up to the nominal speed with a 

small number of individual errors. 

 

Figure 8.22: OWF model-I state 

distribution vs WT in operation with wind 

ranges as additional parameter 

It’s easy to recognize that the state 

distribution within the wind speeds is very 

similar to the Weibull distribution. Remark-

able are the maxima at 32 and 0 feeding 

plants with this topology. This is a result of 

mistakes in the main transference means 

which show no redundancy in the easy 

consideration and lead, hence, with a 

failure to long mistake times. 

OWF model I – assessment of electrical 
power  

For each time point the number of plants 

in operation is multiplied with the power 

curve of the plants and calculated the total 

energy produced. 

gen operation wind( ) ( ( ))
n

i

P NumWTs i P v i  (8.7) 

The not transmitted or not used energy 

results from the equivalent in which the 

number of non-operating wind power 

plants (where ( , ) 0WEAs i Time ) is calcu-

lated. 

Since with Monte-Carlo simulation always 

several runs take place, the calculated 

values are afterwards averaged. So, for 

the OWF model-I the following power 

values were: 

gen,WF-I 1592,1GWh/aP   (8.8) 

loss,WF-I 308,5726 GWh/aP   (8.9) 

From the ratio of these values the 

efficiency of OWFs results as: 

loss,WF-I

WF-I

loss,WF-I gen,WF-I

1 83,77 %
P

P P
   


 (8.10) 

and the full-load hours of generated 

energy in relation to the nominal power 

gen,WF-I gen,WF-I

FullLoad,WF-I

N

3236 h
64 6,15 MW

P P
T

P
  



   (8.11) 

Simulation shows 3226 full load hours. 

This is in principle a good extent of 

utilization for the enterprise of wind energy 

plants, however for the location with 3616 

h possible full load hours a moderate 

result. This is due to the high failure time 

which result in 308,5 GWh electrical loses, 

while the electrical transmission losses are 

not even included in these values. 

These would impair the efficiency and the 

economy of the OWF further negatively, 

which should be considered in future 

investigations. 

OWF model-II, Redundant couplings  

The calculations for the model in have 

been carried out without any couplings of 

the transmission equipment. How the high 
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loss achievement and the indicate, this 

topology would be unsafe as well as 

uneconomical, because it can come at 

long down-times of several arrangements 

at the same time. In order to work against 

these losses, couplings between all bus 

bars are introduced, so that in the loss of a 

transmission means in the backbone 

network path an alternative grid connec-

tion can be determined. 

The circuits were made thereby according 

to Figure 8.20. The bus bars and 

couplings are designed in such a manner 

that each main component (transformer, 

transmission cables) can transmit 100 % 

power and each other some 50 % rated to 

nominal power, in order to ensure full 

redundancy for the case study. 

OWF model-II, state distribution 

 

Figure 8.23: OWF model-II state 

distribution 

In the comparison to the simple OWF 

model-I a clear increase of the availability 

can be recognized here.  

The most severe error could be compen-

sated by switching on the coupling except 

the common-mode error of HVDC or 

occurring minimal cut. 

OWF model-II, assessment of electrical 
power 

The generated power and the power lost 

due to interruptions or failures were 

calculated according to. Then, a surplus 

compared to the simple model was 

determined and showed in Table 8.6. The 

additional yield is considerably with 

65,9 GWh, which is already recognized by 

the state distributions. The difference to 

the higher yield in the losses is due to the 

fluctuations of the wind speed, which 

balance only at very high cycle numbers. 

This increment and the availability of the 

OWF reached by the circuits in model-II 

are very worthwhile results. 

However, these could be reached only on 

account of high investments in the partly 

100 % redundancy of the transference 

means. For commercial operation, this 

means high losses in the economy so that 

more far-reaching investment calculations 

are required. 

Comparison with MCMC analysis  

The two case studies were also evaluated 

with the Markov Chain Monte-Carlo 

simulation. According to determination of 

the system matrix consisting of the reli-

ability parameters, Table 8.7 shows in the 

following some estimations for the model-I 

and the model-II. It is clearly visible that 

the MCMC method produces inaccuracies 

in case of topology with the biggest outage 

differences due to transmission failures, 

since these are difficult to describe.  

In the model II, which is determined mainly 

by cable and system errors, the results are 

too optimistic, since the influence of the 

disturbances has not been taken into 

account. 

Case studies of futher quantities of 
influence  

Failure rate of wind turbines 

To determine the impact of the high failure 

rate of the wind turbines, a case study of 

the OWF model I with a reliable 6 MW 

plant was implemented with.  

*

WT

1

a
   (8.12) 

The results showed again a high 

vulnerability to interruptions of the OWF; 

however states with high number of wind 

turbines in operation were significantly 

more likely than in the reference model, as 

Table 8.8 shows. 

  

 

WT in operation
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Table 8.6: OWF model-II assessment of electrical power 

Description Value 1/a 
Acquired surplus compared to 

model I 

generated power 1658 GWh 65,9 GWh 

lost power 248,1 GWh -60,5 GWh 

full-load hours 3370 h 134 

efficiency factor 86,98 % 3,21 % 

Table 8.7: MCMC analysis of OWF models 

description MCMC Monte-Carlo 

OWF model-I   

generated power 1198,3 GWh 1592,1 GWh 

lost power 308,4 GWh 308,57 GWh 

full-load hours 2435,6 3226 h 

efficiency factor  79,53 % 83,77 % 

OWF model-II   

generated power 1904 GWh 1658 GWh 

lost power 124 GWh 248,1 GWh 

full-load hours 3871 h 3370 h 

efficiency factor 93,89 % 86,98 % 

As could be expected, and the Table 8.9 

shows, a significantly higher yield by 

improving wind turbines, in addition to the 

topological optimization in can be 

achieved. Therefore, in investment 

calculations both optimistic calculations, 

such as the lower failure rates as well as 

worst-case scenarios for the reference 

model should be made to identify a range 

of potential future returns. 

High failure rate of the high voltage 
transmission system 

In addition to demonstrate the effects of 

low grid security, a case study of the OWF 

model-II with an unreliable HVDC system 

was examined with 

*

HVDC

9,79

a
   (8.13) 

Here, the value of the 92% availability of a 

HVDC was calculated from [8.17]. The 

HVDC transformer platform was divided 

into two equal parts, therefore significant 

outages can be expected. The results 

showed a high number of operating points 

at 0 and 40 plants in operation, as the 

Table 8.9 shows. This case study 

highlights the high dependency level of the 

OWF efficiency from the grid connection. 

Since this is not generally redundant and 

during the first years of operation of the 

hitherto less proven HVDC stations 

increased failures are quite expected, this 

factor should be taken into account in the 

further design. 

4.8.10 Conclusions (IEE) 

In this work package (WP) a simulative 

method based on analytical 

considerations and a Monte-Carlo 

simulation was developed to analyze all 

input parameters and status values. 

Furthermore the efficiency of OWF and 

the accessibility of them for repair and 

maintenance work are strongly depends 

on the prevailing wind speed. This 

dependence of reliability from wind speed 

distribution requires a modeling approach, 

which is provided by a wind time series 

model. This can then take influence on 

the reliability parameters and state 

variables of the equipment by various 

methods 
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Table 8.8: Comparison of the results for a change of wind turbine failure rate 

Description 
*

WT  Reference 

WT in operation *(Z )P  
(Z)P  

80 5,149 % 0,37 % 

79 10,95 % 1,51 % 

78 13,48 % 3,1 % 

77 12,25 % 4,99 % 

OWF model-II   

generated power 1709,3 GWh 1592,1 GWh 

lost power 200,27 GWh 308,57 GWh 

full-load hours 3474,2 h 3226 h 

Table 8.9: Comparison of the results for a change of the HVDC failure rate 

Description 
*

hvdc
 Model-II  

WT in operation *(Z )P  
(Z)P

 
0 2,838 % 0,096 % 

40 1,064 % 0,011 % 

39 2,773 % 0,013 % 

38 3,888 % 0,012 % 

OWF model-II   

generated power 1381,5 GWh 1658 GWh 

lost power 516,06 GWh 248,1 GWh 

full-load hours 2808 h 3370 h 
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5 Exploitation of results 

The findings of the work package In Situ 

Assembly (WP 5) could be used to 

analyse the specific boundary conditions 

for wind farm projects more easily. The 

basic PHA could find hidden failures and 

carry out corrective actions in the design 

phase and also in running projects. The 

failure modes detected could be analysed 

by using the FTA. Herewith, the probability 

of failure could be determined to evaluate 

if changes in the design are needed, or to 

compare failure probabilities between 

different constructions. A trend for the 

influence of the failure mode on the 

material properties could be determined by 

simulating the failure modes in the 

laboratory testing facility. However, a 

large-scale test is worthwhile for the 

verification of the results. 

A large-scale testing facility was 

developed within the research project 

GROWup based on the findings of the 

work package In Situ Assembly (WP 5). 

The height of the transparent and 

waterproof formwork is 3.75 m and the 

length is 3.3 m. The width of the gap is 

flexible up to 20 cm. The test facility is 

equipped with temperature sensors, and 

pressure gauges inside the formwork and 

inside the grout hoses. 

Furthermore, an underwater test facility is 

under development for nearly realistic 

filling tests for grouted joints. The steel 

formwork of the test facility is completely 

submerged. The maximum height is 8.1 m 

and the maximum length is 7.2 m. 

Failure modes of the in situ assembly will 

be investigated, amongst others, within 

this project. 

Furthermore, the PHA of the in situ 

assembly will be investigated in more 

depth and more detailed fault trees will be 

designed. 

5.1 Follow-up projects 

GIGAWIND life (2013 – 2016), funded by 

the Federal Ministry for the Environment, 

Nature Conservation, Building and Nuclear 

Safety (BMUB):  

Goal of the comprehensive project 

GIGAWIND life is the enhancement of the 

economic dimensioning concept for 

offshore wind turbine support structures, 

that has been developed in GIGAWIND 

alpha ventus, by consideration of long-

time operation. There are both 

degradation mechanisms on the 

resistance side of the environmental 

surrounded support structure (damages of 

structure and welds, fatigue, damages of 

corrosion protection systems, scour, 

degradation of pile support behavior) and 

the determination of acting loads from 

waves and marine growth, which interact 

with the support structure. Data of damage 

and stress at the interfaces will be 

obtained over a longer timeframe from 

measurements in the offshore test site 

alpha ventus by usage of the hitherto 

developed monitoring methods. This is the 

requirement to get a scientific perception 

from the previous investments and to 

make validated methods and structural 

models based on world-wide unique long-

time measurements for single studies as 

well as for holistic offshore support 

structure design concepts available. 

GROWup (2011 – 2016), funded by the 

Federal Ministry for the Environment, 

Nature Conservation, Building and Nuclear 

Safety (BMUB), Ref. No. 0325290:  

The research project GROWup focuses on 

the installation and the design of grouted 

joints of support structures for offshore 

wind turbines. A more detailed knowledge 

of the in situ material properties of the 

grout material used for grouted joints is 

needed for the optimisation of 

substructures. Therefore, a nearly realistic 

filling test will be conducted to simulate the 

in situ assembly of grouted joint at a scale 

of ~ 1:1 under submerged conditions. 

Undisturbed filling processes will be 

simulated as well as disturbed filling 

processes and failure modes. 

Furthermore, the fatigue behaviour of 

large-scale tube-to-tube connections with 
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large grout thicknesses as well as the 

influences of different grout materials and 

water will be investigated. The 

combination of all aspects will lead to a 

holistic design and will be implemented in 

future guidelines. 

HyConCast (2014 – 2016), funded by the 

Federal Ministry for Economic Affairs and 

Energy (BMWI):  

The research project "HyConCast - Hybrid 

substructure of high strength concrete and 

ductile iron castings for offshore wind 

turbines" deals with the development of a 

novel, hybrid substructure for offshore 

wind turbines. The innovative concept is 

based on the combination of large-sized, 

thin-walled ductile iron casting knots with 

high-strength, lightweight precast concrete 

pipes customized for the environmental 

conditions and conditions of use. Several 

institutes of the Leibniz University of 

Hannover, commercial companies and 

engineering consultings are involved in 

this research project.  

The overall objective of this project is to 

assess the feasibility and applicability as 

well as to investigate the necessary 

foundations for planning, design and 

construction of a hybrid substructure. For 

the substructure transport and installation 

concepts will be developed, the risk of 

scour on the seabed will be analyzed and 

the structural behavior of the installed 

components and connections will be 

investigated using numerical and physical 

models in different levels of detail. 

INNWIND.eu (2012 – 2017), co-financed 

by the European Union under the Seventh 

Framework Programme:  

The project is an ambitious successor for 

the UpWind project, where the vision of a 

20MW wind turbine was put forth with 

specific technology advances that are 

required to make it happen. This project 

builds on the results from the UpWind 

project and will further utilize various 

national projects in different European 

countries to accelerate the development of 

innovations that help realize the 20MW 

wind turbine.  

The Institute for Steel Construction is 

involved in Work Package 4 focussing on 

Offshore Foundations and Support 

Structures. Objectives of WP4 are to 

achieve significant cost reductions and to 

enable mass-production of for jacket-type 

structures in the 10MW class by applying 

innovation on the component level. 

Furthermore, to assess risks and 

possibilities and to preliminary design an 

innovative 20 MW substructure and finally 

to accelerate the time-to-market for 

floating concepts, as here structural 

designs and design methods are still not 

finalized and validated.  

Besides the Institute for Steel Construction 

also the Institute of Building Materials 

Science (Prof. Lohaus) and the Institute of 

Structural Dynamics (Prof. Rolfes) are 

involved as the core research group of the 

ForWind-Hannover. 

IRPWIND (2014 – 2018), co-financed by 

the European Union under the Seventh 

Framework Programme:  

IRPWIND is an integrated research 

programme that combines strategic 

research projects and support activities 

within the field of Wind Energy, with the 

aim of leveraging the long term European 

research potential. IRPWIND gathers 

together 24 leading research institutions 

and will directly contribute to promoting 

joint collaborative projects and overall 

reinforcement of research excellence 

across Europe, as well as optimising 

networking benefits from joint use of 

European facilities.  

Large-Sized Bolts 2 (2013 – 2015), 

funded by the Federal Ministry for 

Economic Affairs and Energy (BMWI) and 

the German Federation of Industrial 

Research Associations (AiF):  

For the connection of different segments 

of wind turbine support structures bolts 

with large diameters M36 to M64 are used. 

Protection against corrosion of the bolts is 

commonly archived by coating the steel 
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surface with zinc. Until now, the affect of 

zinc coating on the bolts fatigue strength 

has not been quantified. The aim of the 

research project " Large-Sized Bolts 2 - 

Experimental and analytical assessment of 

the fatigue strength of bolts with large 

dimensions under consideration of 

boundary layer effects" is to develop a 

secured assessment method for the 

fatigue strength of large size bolts which 

considers the influence of the zinc 

boundary layer. 

MaRINET (2011 - 2015), funded by the 

European Union Seventh Framework 

Programme (FP7) under grant agreement 

no. 262552:  

MaRINET (Marine Renewables Infra-

structure Network for Emerging Energy 

Technologies) is an EC-funded 

consortium of 29 partners bringing 

together a network of 42 specialist marine 

renewable energy testing facilities. The 

network also conducts co-ordinated 

research to improve testing capabilities, 

implements common testing standards 

and provides training and networking 

opportunities to enhance expertise in the 

industry. The aim of the MaRINET 

initiative is to accelerate the development 

of renewable marine energy technology.  

The Institute of Building Materials 

Science participates in research on the 

design and accuracy of sensor and 

Structural-Health-Monitoring systems. 

The focus of the research is on local 

monitoring of the support structure, 

because it has particular advantages to 

screen out parts of the structure that are 

affected by structural changes that 

ultimately lead to changes in the 

deformation or stiffness behaviour. In 

combination with global monitoring, the 

specific evaluation of local measuring 

points can be used for the quantification 

of the structural state, such as damage 

propagation. The grouted joint is a 

suitable structural component in OWEC in 

order to conduct local monitoring. 

Optical In-Field Measurements of Rotor 

Blade Deformations (2011-2014), funded 

by the Ministry of Science and Culture of 

Lower Saxony, Germany:   

Within the framework of this project a new 

measurement system, based on Digital 

Image Correlation (DIC) was developed 

and effectively applied to a full-scale 3.2 

MW wind turbine. So far, the optical 

measurement system can provide data for 

absolute and relative out-of-plane and in-

plane deformations of the rotor blades at 

arbitrary positions along the blade’s span 

and relative torsion of the blades. 

OWEA Loads (2013 – 2015), funded by 

the Federal Ministry for the Environment, 

Nature Conservation, Building and Nuclear 

Safety (BMUB):  

Research in the framework of the OWEA 

Loads project deals with the systemetic 

analysis of load relevant events and model 

properties of offshore wind turbines 

(OWT). Investigations are based on real 

scale measurements of actions and 

system response of OWTs. Consequential 

demands on load simulation models of 

OWTs shall be derived. The ultimate goal 

is to determine the impact of relevant 

support structure properties, enabling 

enhanced predictions of OWT loads in 

future. 

Smart Blades (2013-2016): Development 

and Construction of Intelligent Rotor 

Blades, funded by the Federal Ministry for 

the Environment, Nature Conservation, 

Building and Nuclear Safety (BMUB):  

The design of modern wind turbines tend 

to an increasing blade length which 

causes higher loads, especially in the 

blade root region. In order to reduce the 

loads new innovative blade technologies, 

e.g. blade twist coupling or morphing 

trailing edges, are investigated in 

collaboration with ForWind Oldenburg, 

DLR, Fraunhofer IWES. 

WindBucket (2012 – 2014), funded by the 

Federal Ministry for the Environment, 

Nature Conservation, Building and Nuclear 

Safety (BMUB):  
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Many offshore structures are fixed to the 

seabed by driven piles, which can 

seriously harm the marine fauna due to 

the high noise pollution from the 

installation. Even though well established 

in oil and gas industry, suction buckets for 

OWTs are still topic of research in 

Germany and Europe. This innovative 

foundation concept uses under-pressure 

to install the bucket into the seabed 

without mentionable noise emission. 

Within the research project WindBucket, 

the suction bucket solution is adopted to 

the needs of offshore wind. The feasibility 

application as well as the limits of 

application are assessed. Basics of 

planning, design and installation of suction 

buckets made of steel or reinforced 

concrete are developed, considering 

ecological and economical aspects. 

Zuverlässige Leistungselektronik (2014 

– 2017), Fraunhofer - Innovationscluster 

Leistungselektronik für Regenerative 

Energieversorgung is funded by the 

Ministry of Science and Culture of Lower 

Saxony, Germany and the Fraunhofer-

Gesellschaft zur Förderung der 

angewandten Forschung e.V.: Available: 

http://www.power4re.de/de/zuverlaessige-

leistungselektronik.html. [Accessed: 03-

Nov-2014]. 
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